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The natural isotopic abundances of the following elements have been determined by mass 


spectrometric techniques: 


Lithium 
Magnesium 
Silicon 
Potassium 
Calcium 
Chromium 


Nickel 


Copper Tin 
Selenium 
Bromine 
Strontium 
Zirconium 
Silver 
Iron Cadmium 
Indium 


Antimony 
Tellurium 
Tantalum 
Tungsten 
Rhenium 
Thallium 
Lead 


Different masses were focused by variation of the magnetic flux in Nier-type, 60° mass 
spectrometers. Ion currents were measured potentiometrically. Each measurement represents 
at least 15 determinations. Many measurements are averages of series with different spec- 
trometers and ion sources. From available packing fraction data and these abundances the 


chemical atomic weights have been computed. 





INTRODUCTION 


HE determinations of the natural isotopic 

abundance of the 24 elements here de- 
scribed were made in connection with the pro- 
gram of separation of these isotopes in the elec- 
tromagnetic process pilot plant operated by the 
Clinton Engineer Works, Tennessee Eastman 
Corporation. The measurements were made to 
check the values in the literature and to serve as 
pathfinding experiments for measurements of 
separated isotopes. In some cases these are repe- 
titions of previous determinations, but were 
usually made by somewhat different techniques. 
In several cases the only previous data were those 


t This work was done under contract W-7401-Eng. 23. 
* Present address: Socony-Vacuum Oil Company, Inc., 
— and Development Department, Paulsboro, New 
ersey. 
** Present address: Distillation Products, Inc., 755 Ridge 
Road West, Rochester, New York. 


obtained by mass spectrographic determinations 
involving photometry of a photographic plate. 


EXPERIMENTAL 


The measurements were made with two 60° 
mass spectrometers built in the Clinton Engineer 
Works, Tennessee Eastman Corporation labora- 
tory specifically for this work. These instruments 
were of the type developed by Professor A. O. C. 
Nier of the University of Minnesota and his co- 
workers. Each instrument was the equivalent of 
two, since one set of electronic controls was as- 
sociated with two vacuum and magnet assem- 
blies. The instruments embodied improvements 
resulting from three years of intensive use and 
development of equipment of this type. 

The hard solder used in assembling the tubes 
and in attaching the envelopes contained no 
cadmium, zinc, or other volatile metals, so that 
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background was not introduced by these ele- 
ments. Three-stage, self-fractionating diffusion 
pumps with Octoil-S produced an _ ultimate 
vacuum of approximately 10-7 millimeters of 
mercury. Liquid nitrogen traps were used to 
prevent hydrocarbon background arising from 
traces of pump oil. The ion sources were variously 
fabricated from nichrome V, platinum-iridium 
alloy, copper, and tantalum. Of these materials 
the platinum-iridium alloy appeared to be least 
attacked by corrosive gases. Tantalum intro- 
duced a tantalum and tantalum-halide spectrum 


which was troublesome in some measurements.’ 


The sample vapor was ionized by electrons of 
between 30 and 75 volts energy, and the ions so 
formed were focused and accelerated through a 
potential drop of 1900 volts. Ions were also pro- 
duced by thermionic evaporation from a tung- 
sten filament. Mass positions were identified by 
reading the output voltage of a rotating coil flux- 
meter driven by a synchronous motor. The coil 
was rotated in the magnet gap and the output ob- 
tained through the two-segment commutator was 
filtered and read with a slide-wire potentiometer. 

The selection of the ion beams was made ex- 
clusively by variation of the magnetic flux to 
avoid disturbing the voltages applied to the ion 
source. The ion currents from the collector plate 
behind the receiver slit were measured by intro- 
ducing voltage from a calibrated precision po- 
tentidmeter between ground and the 4X10" ohm 
grid resistor in the input of the FP-54 elec- 
trometer. The electrometer and galvanometer 
were used as a null indicator and no reliance upon 
linearity of response of other than the grid re- 
sistor was then necessary. ‘The galvanometer zero 
was observed by applying deflecting voltage to a 
source element so as to prevent the ion beam 
from passing through the tube. Residual gal- 
vanometer deflections were converted to potenti- 
ometer readings by interpolation factors deter- 
mined experimentally. 

The element or compound used for measure- 
ments of this kind must be volatile below 1500°C. 
Small samples must be readily prepared, free 
from other elements which are isobaric with the 
substance to be determined, or which give rise 
to complex or multiply-charged ions isobaric with 
the ions to be measured. The compound should 
not be so hygroscopic that it requires handling 
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totally in a desiccated atmosphere. It must give 
an abundant ion in a mass region in which there 
is no background interference in the tube. The 
material should preferably sublime since evapo- 
ration from the liquid phase is more likely to lead 
to distillation fractionation because of the differ- 
ence in weight of the various isotopes. Fluorides 
are particularly useful for measurements of this 
type since the step-wise ionization. which*occurs 
permits readings to be made at a number of 
different mass positions. Most fluorides are not, 
however, sufficiently volatile. 

Samples which were volatile at room tempera- 
ture, such as tungsten hexafluoride, were ad- 
mitted to the ionizing region of the tube through 
a controllable capillary leak and a glass or metal 
sample line. Materials like selenium metal were 
handled with an external heating furnace and a 
large bore heated sample line passing into the 
tube. For other materials it was necessary to 
provide a small furnace which could be mounted 
above the ion source so that the substance could 


. be. distilled into the ionization region. These 
“furnaces were supported from the ground glass 


cap on the source envelope and were isolated 
from the ionization region by a platinum screen 
to prevent electrostatic disturbance of the elec- 
tron beam. Furnaces constructed of Vycor and 
tantalum and heated with platinum” or tungsten 
elements were necessary for many of. the com- 
pounds. A thermocouple was mounted in the 
furnace to permit a rough check upon the tem- 
perature of distillation. 

Lengthy evacuation was necessary to remove 
background spectra from the tube and to free 
the sample from volatile impurities. The tube 
was baked at about 200°C by furnaces wound 
on the envelopes. It was frequently necessary to 
spend three to five days in pumping to reduce 
the background to a usable level. 

Background ion contributions not associated 
with instrumental resolution could be reduced 
to a level such that these contributions to the 
abundances of the principal ions being measured 
were orders of magnitude less than the abund- 
ance deviations reported. However, particularly 
when employing corrosive halide gases, back- 
ground ions frequently rendered critical examina- 
tion for unreported isotopes infeasible. Accord- 





(op ww ome We Ue CN 


Physics Litrary 


A ¢ 
X 


CA 


@ fo, ~~ 
ingly, only for lithium, zirconium, tantalum and 
rhenium are these examinations reported. 

Each measurement series reported below repre- 
sents between 15- and 300-ratio determinations. 
Many measurements are an average of several 
series of determinations with different spectrom- 
eters and ion sources. In the case of elements 
having more than two isotopes, measurements 
were made between a principal isotope and each 
of the other isotopes. Where the packing fraction 
data are accurately known and these abundance 
measurements are thought to make significant 
contributions, the computed chemical weights 


are given. 


a 


DISCUSSION 


The discrepancy between observers is not any 
greater than that between instruments in cases 
where the measurements were made by identical 
techniques. The residual discrepancy may prob- 
ably be ascribed to mass discrimination occurring 
in the ion lenses in the source. Reversal of the 
magnetic field in the ionization region, operation 
with widely varied voltages applied to the source 
elements, and variations in collector geometry 
and secondary electron suppression make it prob- 
able that this discrimination is a function of the 
actual structural geometry of the source, rather 
than being caused by conditions which can be 
varied or differences in instrument geometry. 
The measurements of copper are a good example. 

It has been assumed that the most probable 
ion abundance results from averaging of the 
measurements from a variety of ion sources and 
instruments and assigning equal weight to each 
instrument and ion-source structural variation. 
Only where several series of different determina- 
tions have been averaged may the average devia- 
tions tabulated be regarded as indexing the un- 
certainty in the abundances reported. In all 
other data an uncertainty of one percent of the 
specific ion abundance tabulated appears likely 
for abundances above two percent. For abund- 
ances between two percent and 0.05 percent, the 
uncertainty may be regarded as increasing from 
one percent to fifteen percent. 

Measurements on any one spectrometer and 
ion source agreed much more closely than is 
indicated for the agreement between measure- 
ments on different instruments and ion sources. 
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It is accordingly possible to use differential tech- 
niques in estimating enhanced tracer samples 
whose enhancement may be less than the ex- 
pected instrument-to-instrument variation. 


Lithium 

Previous measurements of the abundance of 
the lithium isotopes have, for the most part, 
utilized the thermionic properties of the lithium 
salts for the production of ions. Some uncer- 
tainty was introduced by the correction for the 
free evaporation of ions with a large percentile 
mass difference.-* For the measurements re- 
ported here, lithium aluminum chloride (LiAICI,) 
was distilled from a Pyrex glass retort into the 
ionizing region where it was bombarded by 75- 
volt electrons. The retort was separated from 
the platinum-iridium ionizing case by a platinum 
gauze screen. The distillation of the heavy mole- 
cule, LiAICl,, reduced the effects caused by the 
mass difference between the lithium isotopes. 
Measurements were made on the Lit ion. Three 
different series of determinations are represented. 
(See Table I.) 


TABLE I. Relative abundance of Li isotopes. 








Mass 5 6 

Mole percent <1075 . 7.30 

Average deviation +0.04 
Ratio Li?/Lié 





This measurement 12.7+0.07 
Morand* 14.9 
Bainbridge 11.28 

Aston? 11.0 

Harnwell and Bleakney4 8.4 

Brewer®& 11.60 to 12.52 
Hoff Luf 12.29 
McKellar 8.57 








® See reference 1. 

b See reference 2. 

¢ See reference 3. 

4 See reference 4. 

e See references 5-7. 

f See reference 8. 

eA. K. Brewer, Ind. Eng. Chem. 30, 893 (1938); A. K. Brewer and 
O. Baudisch, J. Am. Chem. Soc. 59, 1578 (1937); A. K. Brewer, Phys. 
Rev. 49, 867 (1937). 

bh A. McKellar and F. A. Jenkins, Dominion Astrophys. Obs. Victoria, 
Pub. 7, 155 (1939). 


1M. Morand, Comptes rendus 182, 460 (1926); Ann. 
de physique 7, 164 (1927). 
2K. T. Bainbridge, J. Franklin Inst. 212, 317 (1931). 
3F. W. Aston, Proc. Roy. Soc. A134, 574 (1931). 
4 $3) P. Harnwell and W. Bleakney, Phys. Rev. 45, 117 
1934). , 
038} K. Brewer and P. D. Kueck, Phys. Rev. 46, 894 
1934). 
6 A. K. Brewer, Phys. Rev. 47, 571 (1935). 
7A. K. Brewer, J. Chem. Phys. 4, 350 (1936). 
* Hoff Lu, Phys. Rev. 53, 845 (1938). 
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TABLE II. Relative abundance of Mg isotopes. 








Mass 24 25 26 
78.60 10.11 11.29 


+0.13 +0.05 +0.08 
77.4 11.5 11.1 





This measurement mole 
percent 

Average deviation 

Dempster;* electron ioniza- 
tion of Mg metal vapor 








® A. J. Dempster, Phys. Rev. 18, 421 (1921). 


TABLE III. Relative abundance of Si isotopes. 








Mass 28 29 30 


92.16 4.71 3.13 
+0.06 +0.03 +0.04 
89.6 6.2 4.2 
92.28 4.67 3.05 


92.27 3.05 
92.24 3.07 





This measurement mole percent 

Average deviation 

McKellar;* photometry of SiN 

Inghram;> electron ionization 
of SiF, 

Williams and Yuster;* electron 
ionization of SiF, 

Ney and McQueen;¢ electron 
ionization of SiF, 


4.68 
4.69 








® A. McKellar, Phys. Rev. 45, 761 (1934). 

bM. G. Inghram, Bull. Am. Phys. Soc. 21-3, Sp-1 (1946). 
¢ D. Williams and P. Yuster, Phys. Rev. 69, 556 (1946). 
aE. P. Ney and J. H. McQueen, Phys. Rev. 69, 41 (1946). 


This abundance ratio with the masses of 
Li®=6.01670 and Li?=7.01799 calculated by 
Allison® or the masses Li®=6.01682 and Li’ 
= 7.0178, calculated by Smith” yields a chemical 
atomic weight for lithium of 6.943. The inter- 
national value is 6.940. A physical to chemical 
scale conversion factor of 1.000275 has been em- 
ployed in this and subsequent calculations. 


Magnesium 


Magnesium metal was distilled from a Vycor 
retort into a platinum-iridium ionizing case. The 
retort was heated by a platinum resistance fur- 
nace. Ionization was produced by slow electrons 
and measurements were made on the Mgt ion. 
Three different series of determinations were 
conducted. 

Measurements were made also by distilling 
magnesium acetyl acetonate. These were found 
to be unreliable because of interference at masses 
24, 25, and 26 and the absence of a complex ion 
containing magnesium useful for analysis. The 
interfering ions were presumed to be C,+, C,Ht+, 
and C;H,+. No compound was found which could 
be used for the determination of separated 


®S. K. Allison, Phys. Rev. 55, 624 (1939). 
10N. M. Smith, Jr., Phys. Rev. 56, 548 (1939). 
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samples. The metal could not be prepared readily 
in micro-quantity. (See Table II.) 

These abundance data taken with the isotopic 
masses Mg?4=23.99189, Mg?5=24.99277 and 
Mg?*=25.99062 computed by Pollard! yield a 
chemical atomic weight of 24.31. The present 
international value is 24.32. 


Silicon 


Silicon tetrafluoride vapor, produced by the 
action of fluorine on hot Pyrex glass, was sub- 
jected to slow electron bombardment. Measure- 
ments were made with ionizing cases of tantalum 
and of copper. All measurements were made on 
the SiF;+ ion. A total of 61 different determina- 
tions, representing about 800 ratio measurements 
for each isotope pair, using five different instru- 
ments, has been performed. In computing the 
average, each instrument has been given equal 
weight. (See Table III.) 

Using either Aston’s? packing fraction value of 
— 4.90 for Si?* or Pollard’s"' computed values, Si?® 
= 27.98639, Si?9=28.98685, and Si*®*=29.98294, 


TABLE IV. Abundance rations of K isotopes. 








Ratio 
K40/K39 


Ratio 
K39/Kal 


13.66+0.1 
13.88+0.4 
13.96+0.1 
16.2 


13.4+0.5 





This measurement 

Brewer and Kueck;* thermionic 

Nier;” electron ionization of K 
metal vapor 

Bondy, Johansen and Popper;* 
thermionic 

Manley; magnetic moment 
separation of molecular beam 

Bondy and Vanicek;* thermionic 14.0 

Brewer;! thermionic (plantash) 12.63 to 14. 32 

Brewer;! thermionic (sea water) 14.2 

Brewer;! thermionic (mineral) 14.11 to 14.6 


1/8600 


1/8300 
Brewer;% thermionic 
Paul and Pahl® 
Cook; thermionic 


13.96+0.1 
14.12+0.28 








® See reference 5. 
bA. O. Nier, — Rev. 48, 283 (1935). 
( 535 Bondy, G. Johansen and K. Popper, Zeits. f. Physik 95, 46 
1935 
dj. Vn. Manley, Phys. Rev. 49, 921 (1936). 
oH. Bondy and V. Vanicek, Zeits. f. Physik _. aon (1936). 
f A. K. Brewer, J. Am. Chem. Soc. 58, 365 (193 
«A. H. Brewer, Phys. Rev. 48, 640 (1935). 
See also: 
A. K. Brewer and O. Bandisch, J. Am. a. ” a 59, ‘1578 (1937). 
A. K. Brewer, Ind. Eng. Chem. 30, 893 (19 
A. Os Brewer, J. Am. Chem. Soc. 61, soy” 1939); ibid. 59, 869 
193 
h W. Paul and M. Pahl, Naturwiss. ber 228 (1944). 
iK. L. Cook, Phys. Rev. 64, 278 (1943). 


11 FE. Pollard, Phys. Rev. 57, 1186 (1940). 
122F, W. Aston, Nature 138, 1094 (1936); Mass Spectra 
and Isotopes (1933). 
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TABLE V. Relative abundance of Ca isotopes. 








Mass 40 42 43 44 46 48 





Tl his measure- Mole percent 
ment; thermal 96.92 0.64 0.132 2.13 0.0032 


evaporation 
Average devia- +0.03 +0.01 +0.004 +0.04 —_ 
96.97 0.64 0.145 2.06 0.0033 


0.179 
+0.001 
tion 
Nier;* electron 0.185 
ionization of 
metal vapor 
Aston» 
photometry 


96.76 0.77 0.17 2.30 








a A. O. Nier, Phys. Rev. 53, 282 (1938). 
bF. W. Aston, Nature 133, 684 (1934); Proc. Roy. Soc. Al49, 396 
(1935). 


TABLE VI. Relative abundance of Cr isotopes. 








Mass 50 52 53 54 
4.31 83.76 9.55 2.38 


+0.04 +0.14 +0.09 +0.02 
81.6 10.4 3.1 
83.78 9.43 2.30 





This measurement mole 
percent 

Average deviation 

Aston;* photometry 4.9 

Nier;> thermal evapora- 4.49 
tion from metal 








a F, W. Aston, Proc. Roy. Soc. A130, 306 (1931). 
bA, O. Nier, Phys. Rev. 55, 1143 (1939). 


these abundances permit computation of a chem- 
ical atomic weight of 28.083. The present inter- 
national value is 28.06. 


Potassium 


Potassium aluminum chloride, prepared by 
the Chemical Development Group of the Clinton 
Engineer Works, Tennessee Eastman Corpora- 
tion, was distilled into an ionizing case con- 
structed of platinum-iridium alloy. Measure- 
ments were made on the K* ion. The traces of 
calcium which were present in the sample made 
exact measurement of the concentration of the 
mass 40 isotope impossible. (See Table IV.) 

From either Aston’s” or Bainbridge’s™ packing 
fraction data the packing fraction of potassium is 
about —7.0. Hahn, Fliigge, and Mattauch" re- 
port —6.. From transmutation data Pollard" has 
calculated K**=38.97518 and K* =40.9739 cor- 
responding to packing fractions of —6.37. Com- 
bining these latter with the abundance ratio of 
this measurement yields a chemical weight of 
39.10 for potassium. The present international 
value is 39.096. 


13K. T. Bainbridge, Phys. Rev. 43, 424 (1933). 
(194 o) Hahn, S. Fliigge, and J. Mattauch, Ber. 73A, 1 


Calcium 


Calcium ions were produced by thermal evapo- 
ration from a tungsten filament coated with cal- 
cium oxide. Measurements were made upon the 
Cat ion. These measurements compare very 
favorably with those which were made by Nier 
by electron ionization of calcium metal vapor. 
(See Table V.) 

Selecting a packing fraction of —6.3 in accord 
with that reported by Hahn, Fliigge, and Mat- 
tauch,!4 —6.2, and the mass, K“=40.9725 to 
40.9739, computed by Davidson,!® permits com- 
putation of a chemical weight of 40.08 from the 
data in Table V. The international value is 40.08. 


Chromium 


Chromium trichloride (CrCl3) was distilled 
from a tungsten, platinum, Vycor retort as- 
sembly into the tantalum metal electron ioniza- 
tion source. Crt ion abundances were measured. 
(See Table VI.) 


TABLE VII. Relative abundance of Fe isotopes. 








Mass 54 56 57 58 
5.81 91.64 2.21 0.34 
mole percent 


Average deviation +0.01 +0.02 +0.01 +0.01 

Aston;* photometry 6.5 ° 90.7 2.8 —- 

Nier;® electron ioniza- 6.0 91.6 2.1 0.28 
tion of Fe metal vapor 

Valley ;° electron ioniza- 5.83 91.7 2.16 0.31 
tion of Fe metal vapor 

deGier and Zeeman;4 6.5 90.2 2.8 0.5 
photometry 





This measurement mole 








(1998) W. Aston, Nature 133, 684 (1934); Proc. Roy. Soc. A149, 396 
b A. O. Nier, Phys. Rev. 55, 1143 (1939). 
¢ G. E. Valley and H. H. Anderson, Phys. Rev. 59, 113 (1941). 

a ods) deGier and P. Zeeman, Proc. Akad. Sci. Amsterdam 38, 959 


TABLE VIII. Relative abundance of Ni isotopes. 








Mass 58 60 61 62 64 
67.76 26.16 1.25 3.66 1.16 

+0.22 +0.66 +0.03 +0.01 +0.20 
67.5 27.0 1.7 3.7 ? 


62.8 29.5 1.7 4.7 1.3 
Valley;* electrom bombard- 67.4 26.7 1.2 3.8 0.88 
ment of Ni vapor 


Lubé 68.0 27.2 0.1 3.8 0.9 





This measurement 
mole percent 
Average deviation 
Aston;* photometry 
Straus;> oscillating spark 
Faraday collector 








a F. W. Aston, Proc. Roy. Soc. A130, 306 (1931). 

> H. A. Straus, Phys. Rev. 59, 430 (1941). 

eG. E. Valley, Phys. Rev. 59, 836 (1941). 

a4 W. A. Lub, Proc. Acad. Sci. Amsterdam 42, 253 (1939). 


46 W. L. Davidson, Jr., Phys. Rev. 57, 244.(1940). 
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TABLE IX. Relative abundance of Cu® isotope. 
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TABLE XII. Relative abundance of Sr isotopes. 








Mole percent Cu® 


Mass 84 86 87 88 





68.94 +0.19* 
70.16+0.27 
69.04+0.29 


69.48+0.16 


This measurement 

Ewald;* photometry 

Dempster;> oscillating spark 
Faraday collector 

Duckworth and Hoge;* photometry 








* Maximum value for any series, 69.41. Minimum value for any 
series, 68.62. 

 H. Ewald, Zeits. f. Physik 122, 487 (1944). 

b A. J. Dempster, Report for February, 1946, CP-3445. 

¢ H. E. Duckworth and B. J. Hoge, Phys. Rev. 71, 212 (1947). 


TABLE X. Relative abundance of Se isotopes. 








Mass 74 76 77 78 80 


0.86 9.08 7.51 





This measurement; 
SeFs mole per- 
cent 

0.88 8.95 7.65 

Mean 0.87 9.02 7.58 

Average deviation +0.01 +0.07 =+0.07 

Aston;* photometry 0.9 9.5 8.3 








® See reference 24. 


With either Aston’s!® packing fraction, —8.18 
+0.15 or that of Hahn, Fliigge, and Mattauch,'4 
7.9+0.2 the chemical weight computed from 
these ‘abundances becomes 52.00. The interna- 
tional chemical weight is presently 52.01. 


Iron 


Ferrous chloride (FeClz) was distilled from a 
Pyrex glass retort into the electron ionizing case 
of the platinum-iridium ion source. Fet ion 
abundances were measured. Two series of deter- 
minations are represented. (See Table VII.) 

Dempster!’ gives —7.0+0.4 as the packing 
fraction for iron; Fliigge and Mattauch!'® list 
—7.15+0.30; while, Okuda e¢ al.!® report Fe*® 
= —7.7. Selection of a mean —7.3 permits calcu- 


TABLE XI. Relative abundance of Br isotopes. 








Mass 79 


50.51 
+0.06 
50.6 
50.52 





This measurement mole percent 
Average deviation 

Blewett* 

Williams and Yuster> 








a J. P. Blewett, Phys. Rev. 49, 900 (1935). 
> D. Williams and P. Yuster, Phys. Rev. 69, 556 (1946). 


16 F, W. Aston, Nature 141, 1096 (1938). 
17 A, J. Dempster, Phys. Rev. 53, 64 (1938). 
(1943) Fliigge and J. Mattauch, Ber. d.d. chem. Ges. 76, 1 
19 T. Okuda, K. Ogata, K. Aoki, and Y. Sugawara, Phys. 
Rev. 58, 578 (1940). 


This measurement mole 0.55 9.75 6.96 82.74 
percent 


Average deviation +0.01 +0.04 +0.01 +0.06 

Sampson and Bleakney® 0.5 9.6 7.5 82.4 

Nier;® electron ioniza- 0.56 9.86 7.02 82.56 
tion of Sr metal vapor 








B. Sampson and W. Bleakney, Phys. Rev. 50, 456 (1936). 
O. Nier, Phys. Rev. 54, 275 (1938). 


M. 

dA. 
lation of a chemical weight of 55.85, from these 
abundance observations. The international value 


is 55.85. 
Nickel 


Nickelous chloride (NiCle) was distilled from 
a tungsten, platinum, Vycor retort assembly into 
the ionizing region of the tantalum metal elec- 
tron bombardment source. The abundances of 
Nit and NiCI* ions were measured. 

A number of determinations of different sam- 
ples of chloride yielded similar ratio behavior in 
all mass positions save 64. Prolonged distillation 
resulted in some upward shift in the ratios with 
respect to 64. An average of four series of deter- 
minations after prolonged distillation yields the 
following. Mass 64 abundance is least certain. 
It is probable that the abundance lies between 
the 0.88 percent reported by Valley and 1.16 
percent. (See Table VIII.) 

Employing the packing fractions, Ni5*=6.97 


TABLE XIII. Relative abundance of Zr isotopes. 








Mass 90 


91 92 94 96 





This measurement: 
Zr* mole percent 
ZrF;t 51.40 

Average 51.46 

Aston;* photometry of 48 
photographic plate 


11.27 17.14 17.30 
11.19 17.09 17.50 
11.23 17.11 17.40 
115 22 17 


51.51 








(1938) W.' Aston, Nature 133, 684 (1934); Proc. Roy. Sac. A149, 396 


TABLE XIV. Relative abundance of Ag isotopes. 








Mass 107 


51.35 
+0.07 
52.5 

51.92 





This measurement mole percent 
Average deviation 

Aston ;* photometry 

Paul> 








a oss} W. Aston, Nature 133, 684 (1934); Proc. Roy. Soc. Al49, 396 
> W. Pauli, Naturwiss, 31, 419 (1943). 
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TABLE XV. Relative abundance of Cd isotopes. 








Mass 106 108 


110 111 112 113 114 





This measurement mole percent 

Average deviation 

Aston;* photometry 

Nier;” electron ionization of Cd 
metal vapor 


1.22 0.98 
+0.01 +0.01 

1.5 1.0 

1.4 1.0 


12.35 
+0.04 
15.2 
12.8 


28.75 
+0.20 
23.7 
28.0 


24.00 
+0.10 © 

21.8 

24.2 


12.30 
+0.04 
14.9 
12.3 


12.78 
+0.04 
15.2 
13.0 








a F. W. Aston, Nature, 133, 684 (1934); Proc. Roy. Soc. A149, 396 (1935). 


b A. O. Nier, Phys. Rev. 50, 1041 (1936). 


+0.07, Ni®=—8.37+0.06, Ni®=—7.5+0.3, 
Ni® = —8.14+0.06, and Ni®*=—8.22+0.09 of 
Okuda et al.,° which are in fair accord with 
‘Aston’s!® Ni®®= —8.35, the chemical weight is 
calculated as 58.71. The international weight is 
58.69. 


Copper 


This element has been very extensively investi- 
gated by distillation of cuprous chloride (CugCle) 
from a Pyrex glass retort into the electron region 
of a variety of sources constructed of platinum- 
iridium and tantalum. In all, 21 series of deter- 
minations, representing about 300 ratio measure- 
ments, have been conducted under a variety of 
measurement conditions. Four different spec- 
trometers have been used in this work. Cuprous 
chloride was obtained from four different sup- 

-pliers. Cut and CuCl* ion abundances were 
‘measured. (See Table IX.) 

With a packing fraction of —6.9+0.2 meas- 
ured by Dempster,’ the chemical atomic weight 
of copper becomes 63.56 in good accord with the 
older international chemical weight, 63.57, and 
‘slightly higher than the recent determination of 
Hénigschmidt and Johansen,” 63.542, now ac- 
cepted in the 1947 international table. With 
Fliigge and Mattauch’s® packing fraction of 
—8.13+0.10 or Duckworth’s* packing fraction 
of —7.92+0.25 the computed chemical weight 
becomes 63.55. 


Selenium 


Selenium was measured using both the metal 
and the hexafluoride. Selenium metal was dis- 


20T,. Okuda, K. Ogata, H. Kuroda, S. Shima, and S. 
Shindo, Phys. Rev. 59, 104 (1941). 

210, Hénigschmidt and Th. Johansen, Naturwiss. 31, 
548 (1943). 
(1943) Fliigge and J. Mattauch, Physik. Zeits. 44, 181 

*8H. E. Duckworth, Phys. Rev. 62, 19 (1942). 


tilled into a platinum-iridium metal electron 
ionization source. A tantalum metal ion source 
was used for the selenium hexafluoride measure- 
ments. The Se+ ion formed from the metal and 
the SeF;* ion formed from the hexafluoride were 
measured. (See Table X.) 

Aston** reports ‘a packing fraction of —7.3 
for Se® with a large uncertainty. Fliigge and 
Mattauch!® list —7.1. With either the chemical 
weight of selenium computed from these abun- 
dance data is 78.99; the international chemical 
weight is 78.96. 


Bromine 


Silver bromide has been distilled from a high 
temperature Vycor retort into a tantalum elec- 
tron bombardment ion source. Brt and HBr* ion 
abundances have been measured. (See Table X].) 

Aston!* indicates a packing fraction for’ bro- 
mine of —7.4 while Fliigge and Mattauch’® list 
—7.1. Either leads to a computed chemical 
atomic weight of 79.91 for bromine; the inter- 
national weight is 79.916. 


Strontium 


Metallic strontium was distilled into the elec- 
tron ionization region of a tantalum metal 
ion source. The abundances of Srt+ ions were 


‘measured. (See Table XII.) 


TABLE XVI. Relative abundance of In isotopes. 








Mass ; 113 115 


95.77 
+0.03 
95.5 
95.5 





This measurement mole percent 

Average deviation 

Aston ;* photometry 

Sampson and Bleakney; thermal 
ionization 


4.23 
+0.03 
4.5 
4.5 








a F. W. Aston, Nature, 133, 684 (1934); Proc. Roy. Soc. A149, 396 


(1935). 
b M. B. Sampson and W. Bleakney, Phys. Rev. 50, 456 (1936). 


2% F. W. Aston, Proc. Roy. Soc. A132, 487 (1931). 





J. R. WHITE AND A. E. CAMERON 


TABLE XVII. Relative abundance of Sn isotopes. 








Mass 112 114 115 


116 117 118 119 120 122 124 





This measurement mole 0.90 0.61 0.35 
percent 


Average deviation +0.003 +0.01 


Aston;* photometry 1.1 0.8 0.4 


+0.006 +0.08 +0.03 +0.03 +0.003 +0.12 +0.01 


14.07 7.54 23.98 862 33.03 4.78 6.11 


+0.006 


15.5 9.1 22.5 9.8 28.5 5.5 6.8 








* F. W. Aston, Proc. Roy. Soc. A115, 506 (1927). 


Fliigge and Mattauch'® adopt a packing frac- 
tion for strontium of —7.0. A value of —6.3 may 
be deduced from Dempster’s®® packing fraction 
curve. The former leads to a computed chemical 
weight of 87.62 while the latter leads to 87.63; 
the accepted international weight is 87.63. 


Zirconium 


Ions were formed by 50-volt electrom bom- 
bardment of vapors of zirconium tetrachloride 
(ZrCl,) and zirconium tetrafluoride (ZrF,). Zrt 
ions formed in the tetrachloride bombardment, 
and ZrF;+ ions formed in the tetrafluoride bom- 
bardment, were measured. Masses 88, 89, 93, 95, 
97, 98, and 99 are each not greater than 1/5000 
of the total zirconium ion abundance. (See 
Table XIII.) 

From Dempster’s*® packing fraction curve a 
value of about —6.0 is obtained for the isotopes 
of zirconium. Fliigge and Mattauch!® list —6.75. 
These abundance data reduce to a chemical 
atomic weight of 91.24 with the former value 
and of 91.23 with the latter value; the accepted 
international chemical weight is 91.22. 


Silver 


Silver chloride was distilled from a Vycor and 
platinum retort into the platinum-iridium elec- 
tron bombardment source. Agt ion abundances 
were measured. Two series of determinations are 
represented. With Dempster’s!’ packing fraction 
value of —4.93+0.5, the chemical atomic weight 


TABLE XVIII. Relative abundance of Sb isotopes. 








Mass 121 123 


57.25 42.75 
+£0.03 +0.03 
56.0 44.0 





This measurement mole percent 
Average deviation 
Aston;* photometry 








*® F. W. Aston, Proc. Roy. Soc. A132, 492 (1931). 


% A. J. Dempster, Phys. Rev. 53, 869 (1938). 


is calculated as 107.89, in excellent agreement 
with the international chemical value of 107.880. 
(See Table XIV.) 


Cadmium 


Anhydrous cadmium chloride (CdCl) was dis- 
tilled into the ionizing case of a tantalum metal 
ion source. Cd+ ion abundances were measured. 
(See Table XV.) 

The packing fractions for the cadmium iso- 
topes have been deduced as about —5.0 from 
Dempster’s®> curve.’ Fliigge and Mattauch!® list 
—5.3. With either value the computed chemical 
weight of cadmium becomes 112.44 as contrasted 
with an international value of 112.41. 


Indium 


Indium trichloride (InCl3) was vaporized and 
subjected to electron bombardment in a plati- 
num-iridium metal ion source. Int ion abun- 
dances were measured. An average of three series 
of determinations yields the values shown in 
Table XVI. 

Fliigge and Mattauch!® assign a packing frac- 
tion of —5.1 for the isotopes of indium. Demp- 
ster’s?® curve indicates an essentially similar 
value. With these abundances the chemical 
weight of indium is calculated as 114.83; the 
international chemical value is 114.76. 


' Tin 


Anhydrous stannous chloride (SnCl,) was vol- 
atilized and ionized by electron impact. Metal 
parts were constructed of platinum-iridium alloy. 
Sn+ ion abundances were measured. Three series 
of determinations yield an average of the values 
shown in Table XVII. 

Using Aston’s®* packing fraction, —5.8, for the 
mass 118 and 120 isotopes of tin, the computed 


26 F, W. Aston, Proc. Roy. Soc. A163, 391 (1937). 





ABUNDANCE OF ISOTOPES 


TABLE XIX. Relative abundance of Te isotopes. 








Mass 120 122 


123 124 





0.092 
0.091 
+0.001 


2.32 

2.49 
+0.02 

2.9 


2.43 


Metal* mole percent 

Hexa fluoride 

Average deviation TeFs 

Bainbridge;* photometry 

Aston; photometry 

Williams and Yuster;* electron 
jonization of TeF . 


0.090 


+0.02 


4.51 

4.63 
+0.05 

4.5 


4.59 


0.88 
0.89 


1.6 
0.85 








* Distillation of Te metal; Te* ion abundance. 

« K. T. Bainbridge, Phys. Rev. 39, 1021 (1932). 

b F, W. Aston, Proc. Roy. Soc. A132, 487 (1931). 

¢ D. Williams and P. Yuster, Phys. Rev. 69, 556 (1946). 


chemical weight becomes 118.75. With Graves’s?? 
packing fraction, —4.56, or Dempster’s*® value 
of —5.0+0.5 for the 116 and 118 isotopes and 
—4.5+0.5 for the 122 and 124. isotopes, the 
computed chemical weight is 118.76. The present 
international value is 118.70. 


Antimony 


Metallic antimony was volatilized and ionized 
by electron bombardment. Sb* ion abundances 
were measured. (See Table XVIII.) 

Fliigge and Mattauch!® indicate a packing 
fraction of —4.8 for the isotopes of antimony. 
From Dempster’s*® data on tin a value nearer 
—4.5 may be inferred. Either figure leads to a 
chemical weight computed from these abun- 
dances of 121.77; the international value is 
121.76. 


Tellurium 


Tellurium hexafluoride was admitted to the 
electron flux region of the ion source through a 
controllable capillary leak. TeF s+ and TeF,* ion 
abundances were measured. Tellurium metal has 
also been distilled from a Vycor, platinum retort 
into a tantalum ion source. The ion sources were 
constructed of tantalum and of copper. Five 
series of 24 determinations are represented in the 
hexafluoride data. (See Table XIX.) 

Aston*‘ has indicated a rough packing fraction 
value for tellurium of 5+2. Fliigge and Mat- 
tauch!8 list —4.5, while Dempster’s”® curve sug- 
gests —4.5 to —4.0 over the range of ten mass 
units. Adopting this latter permits computation 
of a chemical atomic weight of 127.64 for tellu- 
rium ; the international chemical weight is 127.61. 


27 A. C. Graves, Phys. Rev. 55, 863 (1939). 


Tantalum 


Tat, TaF+, TaF;+, TaFs+, TaFy*, and TaF 5+ 
ions have been formed by admitting uranium 
hexafluoride to an ionizing case constructed of 
tantalum metal. Tantalum may be regarded as 
simple; no other isotopes greater than one part 
in ten thousand of the principal mass, 181, are 
present. 


Tungsten 


Tungsten hexafluoride (WF.) was admitted 
through a controllable capillary leak into the 
electron ionization case of ion sources constructed 
of tantalum and copper. WF;+ ion abundances 
were measured. Four series of 27 determinations 
have been averaged. (See Table XX.) 

Computation of chemical weight from reported 
or deduced packing fractions of 0.074, +0.6!8, and 
+1.875 leads to values of 183.84, 183.85, and 
183.87, respectively. The international chemical 
weight is 183.92. 


Rhenium 


The hemi-heptoxide of rhenium (Re,O7) has 
been distilled into the electron flux region of an 
ion source constructed of platinum-iridium. Ret 
ion abundances have been measured. The rhen- 


TABLE XX. Relative abundance of W isotopes. 








183 
14.28 


184 
30.64 
+£0.03 

30.1 
30.68 


30.64 


Mass 





180 182 
This measurement 0.126 26.31 
mole percent 
Average deviation +0.006 +0.03 
Aston;* photometry 0.2 22.6 
0.122 25.77 


0.135 26.41 


+0.01 
17.3 
14,24 
14.40 


Inghram;> electrion ioniza- 
tion of WFs 

Williams and Yuster;¢ 
electron ionization of 
hexacarbonyl 








a F. W. Aston, Proc. Roy. Soc. A132, 492 (1931). 
bM. B. Inghram, Bull. Am. Phys. Soc. 21-3, Sp-1 (1946). 
° D. Williams and P. Yuster, Phys. Rev. 69, 556 (1946). 
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TABLE XXI. Relative abundance of Rh isotopes. 
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TABLE XXIII. Relative abundance of Pb isotopes. 








Mass 180-184 185 186 187 188-190 


Mass 204 206 207 208 





37.07 <1074 62.93 <10-4 


+0.06 +0.06 
38.2 61.8 


This measurement <1074 
mole percent 
Average deviation 


Aston;* photometry 








® See reference 24. 


TABLE XXII. Relative abundance of TI isotopes. 








«Mass 203 205 


29.46 70.54 
+0.05 +0.05 

30.31 69.69 

29.1 70.9 


29.43 70.57 





This measurement mole percent 

Average deviation 

Schuler and Keyston* 

Nier;> electron ionization of Tl 
vapor 

Aston;° photometry 








® H. Schuler and J. E. Keyston, Zeits. f. Physik 70, 1-2, 1 (1931). 
bA. O. Nier, Phys. Rev. 54, 275 (1938). 
¢ See Ref. 3. ° 


ium was obtained from Dr. G. E. Boyd of 
the Clinton Laboratories, Monsanto Chemical 
Company. 

Assuming a packing fraction of +1.074, the 
computed chemical atomic weight becomes 
186.22. The international value is 186.31. (See 
Table XX1.) 


Thallium 


The metal was distilled from a Pyrex glass 
retort into a platinum-iridium ion source. Ioniza- 
tion was by slow electron bombardment. Meas- 
urements were made upon the TI* ion. These 
* measurements and those of Nier have been cor- 
rected for the free evaporation of the metal vapor 
from the liquid phase. The correction factor is 
(205/203)*= 1.005. (See Table XXII.) 

With a packing fraction of +2.0 deduced from 
Dempster’s®> curve or a value of +2.65 reported 
by Fliigge and Mattauch!*® the corresponding 
chemical atomic weights of thallium computed 
from these abundance measurements are 204.40 


1.37 25.15 21.11 52.38 


+0.02 +0.04 +0.04 +0.10 
28.3 20.1 50.1 
23.5 22.7 52.3* 


This measurement mole 
percent 

Average deviation 

Aston ;* photometry 1 

Nier;» electron ioniza- 1.5 
tion of PbI vapor 
Great Bear Lake 
Galena 

Rose and Stranathan* 

Mattauch? 


51.5 
52.95 


21.3 
21.35 


26.3 


0.8 
1.15 24.55 








« F, W. Aston, Proc. Roy. Soc. A140, 535 (1933). 

b A. O. Nier, Phys. Rev. 53, 680; J. Am. Chem. Soc. 60, 1571 (1938). 

* Variation with source of lead, A. O. Nier, R. W. Thompson, and 
B. F. Murphey, Phys. Rev. 60, 112 (1941). 

¢ J. L. Rose and R. K. Stranathan, Phys. Rev. 49; 916 (1936). 

4 J. Mattauch, Naturwiss. 25, 763 (1937). 


and 204.41 respestively ; the international chem- 
ical atomic weight is 204.39. 


Lead 


Lead chloride (PbCl.) was distilled into the 
electron flux region of ion sources constructed of 
platinum-iridium. Pbt and PbCI* ion abun- 
dances were measured. Nier and Hanson’s** data 
for the 35/37 chlorine isotope ratio have been 
used for correction. The samples were assumed 
to be common lead of unspecified source. (See 
Table XXIII.) 
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A simple semiclassical model is described for the com- 
putation of d-p and d-n cross sections. It is found that the 
stripping process is responsible for practically the entire 
observed d-p cross section at any bombarding energy Ez. 
The few available quantitative d-p measurements—for 
Na”, Co, Cu®, Br8!, and Bi?%—agree with curves cal- 
culated by assuming that only the stripping process is 
effective. As Eg increases above the barrier height of the 
target nucleus, the measured d-p cross sections diminish; 
this is interpreted as due to effective d-n competition, in 
which the excited nucleus re-emits a neutron after ac- 
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quiring one in the d-p stripping process. It is expected 
that the d-n excitation curves are also predominantly due 
to the stripping process for incident energies Ez=10 Mev. 

To compare observed magnitudes with the calculated 
values, it is necessary to specify as a nuclear parameter the 
average ‘‘sticking probability” £ of an elementary particle. 
Comparison of the d-p and d-n stripping processes indicates 
that for a given target the ratio oap/oan will exceed unity 
at all energies Ez comparable with the Coulomb barrier 
and may approach the limit oap/oan—>én/tp~1 as Ego. 








I. INTRODUCTION 


HIS study discusses nuclear reactions 
induced by deuterons at moderate incident 
energies, 2-15 Mev. The models used for calcu- 
lation are of the simplest type, so that the 
structural details of individual nuclei are ne- 
glected, and the computed results should be 
regarded as of a semiquantitative nature. Never- 
theless, fair agreement is obtained with some 
absolute excitation curves, and it appears pos- 
sible to draw certain general conclusions that 
have not previously been emphasized about the 
mechanism of these reactions and to give a very 
simple formula that accounts, to first order, for 
the observed excitation curves. It is found for 
all but perhaps the lightest elements (i) that the 
observed d-p excitation curve is due almost 
entirely to the Oppenheimer-Phillips or stripping 
reaction throughout the entire range of deuteron 
bombarding energies, and not just at energies 
well below the barrier height of the nucleus, and 
(ii) that the major portion of the observed d-n 
cross section is due to an analogous stripping 
effect with the roles of neutron and proton inter- 
changed. Only a secondary contribution is made 
by the direct reaction, in which the deuteron is 
absorbed as a whole and a single particle sub- 
sequently emitted; the predominance of the 
stripping process is greater for d-p than for d-n 
reactions, and for both types this predominance 
increases with the atomic number of the target. 
Excitation curves for the d-p reaction are 
computed for those elements of which thorough 
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quantitative measurements have been made: 
Na*, Co®®, Cu®, Br®, and Bi?°% These cross 
sections are obtained experimentally by measur- 
ing the specific activity of the residual nucleus, 
which has experienced a net gain of one neutron 
in the reaction. If the deuteron is absorbed as a 
whole with high incident energy, however, the 
most probable result is the emission of two or 
more particles, and the simple d-p reaction 
becomes very unlikely. Available statistical 
theories of nuclear level densities! suggest that 
the two-particle competition to the direct reac-’ 
tion usually becomes important in the region 
around Ez>10 Mev. But in this energy region 
the stripping process still allows an appreciable 
probability that the proton, in escaping, will 
carry away all of the incident energy or even 
more, leaving the neutron in a negative energy 
(bound) state in the final nucleus. The energy of 
the neutron will be measured from a zero cor- 
responding to the potential energy of infinite 
separation from the nucleus; therefore, a neutron 
bound in the nucleus will be called a ‘‘negative 
energy” neutron. The preponderance of the d-p 
stripping process at these.energies is estimated 
more quantitatively in the examples below. Of 
course, even the stripping reaction yields rela- 
tively fewer negative energy neutrons as the 
incident deuteron energy increases: the neutrons 
tend to be more often absorbed with positive 
energy, causing the immediate re-emission of a 


1V. F. Weisskopf and D. H. Ewing, Phys. Rev. 57, 472 
(1939). 
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neutron (an uncertainty of a few kev in the 
energy limit for re-emission is unimportant for 
these considerations). Therefore, as the deuteron 
energy is increased well above the nuclear 
barrier, the d-p cross section will decline because 
of effective d-pn competition in the stripping 
reaction, which has not been observed. 

At low incident energies, the charge asym- 
metry of the deuteron greatly favors the d-p 
process by stripping, because the proton does not, 
on the average, have to penetrate so far into the 
Coulomb barrier as in the direct reaction. This is 
what is ordinarily known as the Oppenheimer- 
Phillips reaction. 

The d-n reactions at high incident energies are 
also due to stripping in accord with the argument 
above: only the stripping process, in which the 
statistical distribution of emergent energies is 
largely governed by the internal wave function 
of the deuteron, permits the appreciable absorp- 
tion of protons in energy states low enough to 
avoid emission of another particle by the re- 
sidual nucleus. At low energies, the proton must 
penetrate the same Coulomb barrier to reach the 
nuclear surface, regardless of whether the entire 
deuteron is absorbed or not. Therefore, the 
stripping process is not tremendously favored, 
as in the corresponding d-p case, but the low 
binding energy and wide average separation of 
the deuteron components make it possible even 
in this instance to ascribe roughly half the ob- 
served cross section to a stripping type reaction 
in which the neutron escapes without encounter- 
ing the nucleus. 

These considerations indicate that for a given 
target nucleus, the observed d-p cross section 
will generally exceed the d-n cross section. For 
when both reactions are predominantly due to 
stripping, the Coulomb repulsion of the nucleus 
will always favor proton stripping relative to 
neutron stripping; and as a first approximation 
we may assume other (nuclear) factors to be the 
same. At high incident energies, the Coulomb 
field is less effective, so the ratio oap/can de- 
creases toward unity as Eq decreases. Observa- 
tions of this sort have been made on Bi?°?,23 

In this simplified treatment, the nucleus is 
introduced merely as a geometrical surface 


2H. E. Tatel and J. M. Cork, Phys. Rev. 71, 159 (1947). 
*J. M. Cork, Phys. Rev. 70, 563 (1946). 
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characterized by the phenomenological constant 
£, the “sticking probability” for an elementary 
particle. Curves computed on this basis are com- 
pared with quantitative cross section measure- 
ments, and it is found possible to achieve a 
moderate fit by assigning a reasonable constant 
value to & Unfortunately, quantitative measure- 
ments are now available for only a few elements, 
but the values of the parameter £ obtained here 
lie generally within the range encompassed by 
other measurements of this quantity. The values 
of ~, derived here for heavy elements seem to be 
definitely smaller than those for light and medium 
elements. It might be of interest to extend these 
investigations of the sticking probability to a 
more complete list of nuclei than has previously 
been studied. 


II. METHOD OF TREATMENT 


The outstanding peculiarity of the deuteron is 
its relatively low binding energy of about 
I=2.18 Mev and the concomitant wide average 
separation of its constituents, about 


1/20 =h/2(MI)#=2.2X10-* cm. 


This wide separation is the dominant feature in 
deuteron reactions and accounts for the pre- 
ponderance of the stripping process. For it is 
statistically rather unlikely that the two par- 
ticles of the deuteron will arrive simultaneously 
at the surface of the nucleus; the first particle to 
arrive may be immediately absorbed by the 
nucleus, abandoning the second particle which 
will usually escape without encountering the 
nucleus, especially if it is the proton under the 
action of the repulsive Coulomb field. 

Previous treatments of the Oppenheimer- 
Phillips process*-* take as a point of departure 
the usual perturbation formula for the ‘cross 
section. Unfortunately, the corresponding matrix 
element includes nuclear wave functions and a 
nuclear potential for which no explicit expres- 
sions are known. The unknown factors may be 
evaluated approximately in terms of the neutron 
sticking probability £,, derived from considering 
the absorption cross section when the target 


4 J. R. Oppenheimer and M. Phillips, Phys. Rev. 48, 500 


1935). 
5H. A. Bethe, Phys. Rev. 53, 39 (1938). 
6G. M. Volkoff, Phys. Rev. 57, 866 (1940). 
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nucleus is bombarded with a beam of fast 
neutrons. Of course, the sticking probability is a 
quasiclassical notion depending for its validity 
on the statistical behavior of the nucleus. 

In the present study, quasiclassical concepts 
like £, are used directly in setting up the problem, 
instead of entering in the evaluation of formal 
expressions which cannot be computed analyti- 
cally. The statistical methods for dealing with 
nuclear behavior have been discussed by several 
authors;+78 we shall follow the outline of 
reference 1. Because of the short range and great 
intensity of nuclear forces, it is possible to 
consider the nucleus as having a fairly well- 
defined boundary, i.e., as a classical sphere of 
radius R=7r,A? if A is the mass number of the 
nucleus. The most popular value at present is 
about 79>=1.5X10-" cm, although sizable fluc- 
tuations from this mean may be apparent in 
particular nuclei. With this classical notion of 
the nucleus as a solid sphere, the absorption 
process for an incident particle naturally decom- 
poses into two stages: (i) first, the penetration 
of whatever potentials are effective in the region 
outside the nuclear surface, and (ii) the prob- 
ability that after reaching the surface the par- 
ticle will be bound into the nucleus by energy 
exchange with the other nuclear components. 
These two stages are not independent, as the 
probability of absorption at the surface depends 
on the slope or phase of the incoming wave func- 
tion, giving rise to resonance phenomena. How- 
ever, if the reaction involves an average over 
many resonance levels—as it certainly will in the 
case of deuteron bombardment—we may, as a 
first approximation, consider the phase relations 
at the surface to be purely random. Then one can 
simply compute factor (i) from well-known wave 
equations and assign to factor (ii) a parameter 
which represents the average sticking probability 
of the particle at the nuclear surface. The 
sticking probability and the definite radius R are 
the two classical attributes used to characterize 
the nucleus. 

The same considerations may be applied if the 
incident beam consists of deuterons instead of 


(1938) J. Konopinski and H. A. Bethe, Phys. Rev. 54, 130 
®V. F. Weisskopf, Phys. Rev. 52, 295 (1937). 





elementary particles. Since we neglect the effect 
on é of the phase of the incident wave function, 
the absorption of a neutron or proton depends 
simply on its sticking probability and the prob- 
ability that, as a member of the incident deu- 
teron, it will reach the nuclear surface; if this 
latter probability is computed with the restric- 
tion that the second particle of the deuteron 
remain outside the nucleus, we can obtain the 
cross section for a one-particle absorption process 
like the Oppenheimer-Phillips reaction. Further- 
more, because of the random phase relations 
assumed at the nuclear surface, the absorption 
process is independent of the condition of the 
abandoned particle, and vice versa. In qualitative 
terms, the nucleus is simply assumed to “‘snatch 
up”’ the first particle of the deuteron which it 
encounters, while the second particle is aban- 
doned in whatever state it happens to find itself 
at the time and generally escapes without striking 
the nucleus. An advantage of this approach to 
deuteron-induced reactions is that it seems to be 
free of embarrassment in application to deuteron 
energies at or above the Coulomb barrier. If we 
can find satisfactory wave functions for the 
region external to the nucleus, the validity of the 
method proposed should not alter greatly with 
increased energy—at least until the point where 
the nucleus begins to break up under the impact, 
which requires on the order of hundreds of Mev. 
The argument is-equally applicable to d-p or d-n 
reactions, so the stripping process is expected to 
be of importance in both. 

Suppose a beam of elementary particles like 
protons, for example, is incident on the nucleus. 
At very high energies the effect of the Coulomb 
barrier is negligible, and the geometrical cross 
section of the nucleus in the beam will be 7R’. 
The absorption cross section is then £,7R? where 
£, is the sticking probability of the protons. We 
assume that at lower energies the cross section 
decreases in a manner proportional to the 
average density p,(R) of the protons at the 
nuclear surface, so that 


Fabs = EpwR?p,(R). (1) 


If the wave function ¢,(r, 6) represents a plane 
wave of unit amplitude of protons in the 
Coulomb field, we average over all angles to get 
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the mean density at the nuclear surface: 


p»(R) =1/4e f | e(R, 0) |2de, 


where dw is the element of solid angle. As the 
incident energy E>, g;—exp[zk-r] and 
Sabs—£,7R? as mentioned before; and, of course, 
for.a plane wave of neutrons, 9;=exp[7k-r] for 
all.energies and p,(R) is always unity. Notice 
that no angular momentum restrictions are im- 
posed: at these high energies the nucleus is 
assumed able to absorb particles of all angular 
momenta with equal ease. 

This form for cap, at once invites extension to 
the case where deuterons are the incident par- 
ticles. For instance, we may wish to compute the 
absorption cross section for neutrons, while the 
proton is allowed to escape unscathed: this is the 
d-p stripping cross section. Then we have 


Cdp = £,wR’p,(R), (2) 


where p,(R) is the average density of neutrons 
at the surface of the nucleus, supplied by 
deuterons whose protons are outside the nucleus. 
Thus, if the wave function for an incident plane 
wave of deuterons, normalized to unit amplitude 
at infinity, is 9;(fn, fp), we have 


p(R)= f Riz f (deon/4n)| e(R,2,)|%. (3) 
»> 


As in the case of bombardment with elementary 
particles, we do not analyze g; into terms cor- 
responding to angular momentum /h, because 
the nucleus is assumed to assimilate all angular 
momenta. For this reason it is also not necessary 
to consider the intrinsic spin moments of the 
neutron and proton. The tensor forces in the 
deuteron have been omitted as a refinement 
incommensurate with the approximations used 
here. 

Although the preceding discussion supposes 
that the neutron is captured and the proton 
freed, the reverse case is exactly analogous, in 
which the proton is absorbed and the neutron 
escapes. Then we should have 


Oreverse — TR*E,pp(R) ’ 
where the density of proton at the nucleus is 


p,(R) = d vf (dw,/4m)| gi(tn,R)|?. (4) 


Tr >R 
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The density p,(R) is expected to be always less 
than the corresponding p,(R), as the proton has 
to penetrate less deeply into the Coulomb field 
in the latter case. 

To evaluate the factor p,(R), we must find an 
expression for the wave function ¢;(fa, fp). It is 
usual to introduce the relative and center of 
gravity coordinates, S=f,—fm, S=}(rpt+rn); 
then the wave function 9,(s,S) satisfies the 
equation 


[ (h?/4.M)V 52+ (h?/M)V,2+E—I— Vo(s) 
—Ze?/|S+4s| ]ei(s,S)=0, (5) 


where J is the proton or neutron mass, E is the 
kinetic energy of the deuteron, J=2.18 Mev is 
its binding energy, and Ze?/!S+4s| =Ze?/r, is 
the Coulomb repulsive potential of the nucleus, 
acting solely on the proton. The potential Vo(s) 
represents the specifically nuclear forces between 
the neutron and proton and is taken to be a 
simple scalar potential dependent on the separa- 
tion distance alone. We look for approximate 
solutions of this equation, among which the 
simplest are the following. The first and most 
obvious choice is approximation (a) : the deuteron 
center of gravity motion is assumed to be given 
by the wave function ¢,(S) for a plane wave in a 
Coulomb field, while the internal coordinate is 
described by the wave function xo(s), the solution 
for the bound state unperturbed by the Coulomb 
field, 


[h?/MV,? —I— Vo(s) ]xo(s) =0. (6) 


This implies that the most important factor 
determining the reaction is the ‘“‘natural spread”’ 
of the deuteron due to its low binding energy, 
for it completely neglects the effect of the charge 
asymmetry of-the deuteron in the Coulomb field, 
according to which the proton is less likely to 
reach the nuclear surface than the neutron. This 
neglect entails a serious objection, since it means 
that the d-p and d-n stripping cross sections 
would be the same for a given nucleus at all 
energies. Actually, however, the d-p cross section 
markedly exceeds the d-n cross section, especially 
at low energies. 

An attempt to improve the zero-order approxi- 
mation (a) leads to the so-called adiabatic 
approximation (b). The wave function cor- 
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responding to approximation (a) does not satisfy 
Eq. (5) but leaves a remainder term proportional 
to (Ze?/S) —(Ze?/|S+4s|), which represents the 
Coulomb energy difference between the positions 
of the proton and center of gravity. This re- 
mainder term is introduced as an additional 
potential energy into Eq. (6) for the internal 
motion of the deuteron, and the center of gravity 
wave function remains ¢,(S) as before; this 
amounts to assuming that all the Coulomb 
energy gained by the proton in moving out from 
the center of gravity position goes into distorting 
the internal motion of the duteron. As this would 
be true only if the center of gravity remained 
fixed in position, the accuracy of the adiabatic 
approximation is somewhat problematical. The 
adiabatic internal function cannot be found in 
closed form, although the W.K.B. approximation 
is available for the case in which the neutron and 
proton are collinear with the nucleus. ‘This solu- 
tion cannot be handled analytically, however. 

In both solutions (a) and (b) the appearance 
of y-(S) implies that the internal motion of the 
deuteron is much more rapid than its passage 
through the Coulomb field, so that the average 
center of charge coincides with the center of 
gravity. This in turn implies a high binding 
energy and narrow intrinsic spread of the deu- 
teron, which is almost the reverse of the truth. 
Approximation (b) is further inconsistent by 
distorting the internal motion so that the centers 
of charge and of gravity do not coincide, while 
continuing to treat the external motion as if they 
did. | 

A third approximation (c) suggests itself as the 
antithesis of the previous two: assume that the 
internal motion of the deuteron is much slower 
than its passage through the Coulomb field, or 
at least through that part of the field where the 
neutron has an appreciable probability of 
striking the nucleus. This is reasonable at high 
incident energies, and in the extreme limit it 
describes the deuteron behavior as that of a 
rigid framework which maintains a fixed mag- 
nitude and orientation as it traverses the 
Coulomb field. The distribution of this magni- 
tude and orientation is specified by xo”. Thus, the 
Coulomb wave function applies to the proton 
coordinate, and the incident wave function is 
$i= ¢c(¥p)x0(S). The wave function ¢,, however, 
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still refers to a particle of mass 2M as long as the 
deuteron is not dissociated by photoelectric 
action of the Coulomb field. Such a photoelectric 
process is of second order relative to the reaction 
considered here, so that it may be neglected. 
With this neglect, we have approximation (c) 
for the incident wave function: 9;= ¢(fp)xo0(s) 
= ¢-(fp)X0(fn—Tp). This approximation has the 
cardinal advantage of being very tractable 
analytically. ; 

We may now write an explicit form for p,(R). 
Substituting approximation (c) into Eq. (3), we 
have 


| e(Lp) |2(d V>/47) 


Tp>R 


pn(R) = 


x f don|xo(R—r,)|?. (7) 


The second integral, over the nuclear surface, can 
be performed at once by assuming the usual 
square-well model for the potential V(s). We 
obtain 


f | x0|?dwn = (a/r pR) (e?#*/(1+aa)) 
X { FL2e(rp—R)]—E[2a(r,+R)]}, 


where the assumed radius of the square-well 
potential is a=2.8X10-" cm, and 


(8a) 


for x>2aa, 


= di 
F(x) =E(0) = f + 


(9) 
= E(2aa) + 4e-2#4[ In (2aa/x) 


+Ci(2aar/x)—Ci(r)] for x<2aa. 
Here 


Ci(x) = — f ” (cont /t)dl, 


z 


and the numerical factor e?**/(1++-aa) has the 
value 1.59. For nuclei with 2aR>2, ; 


F(2a(r,—R)]>E[2a(r,+R) ], 
sO we may take 
J lrxeldeon = (a/r9R)(e/(1 +20) 
X F[2a(r,—R)]. 
Substituting in Eq. (7), with dV,/4r=r,°dr,, we 


(8b) 
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Fic. 1a. The average of the internal function over the 
nuclear surface, 


S | x0|?(doon/4x) = F[2a(rp —R) J. 
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Fic. 1b. The reduction factors due to energy distribution 
of the stripped particle. The upper curve is f(Ea) for d—p 
stripping; the lower curve fo is just f' (Ea) for d-n stripping, 
computed for the case that Eqa’=Eag—Ze?/R< <0. In case 
E,'>0, a rough approximation if 


Ff’ (Ea) =f(Ea) —Ze/EaRLf(Ea) ful). 


obtain finally 


p(R)=08f Ody/Y)|y.0/20)#Fy—Y), (10) 
Sf 


where y= 2ar,, Y=2aR. For the purpose of com- 
putation, a curve of F(x) is presented in Fig. 1a. 
For the factor | ¢.|? representing the deuteron 
plane wave in the Coulomb field, the expressions 
in Konopinski and Bethe’ were used. No angular 
momentum restrictions were imposed, so that 
partial waves of all / values were included. In the 
notation of reference (7), 
| pe(rr) |? =1.?/Lo? =2 (2/+-1)Pi(r)/(kr)?, 

representing the intensity at a position r of a 
beam of unit intensity at infinity. The variation 
of p, with Eg for a particular nucleus is to be 


u=y|e (Mew) Fly-¥) 
u'= uf (Eg-B YW) 


Eg =i Mev 
B:7 Mev 


hhh 


Target Nucleus Cue3 


hbhahde. 











y=2a 'p 


Eq =7 Mev 
B=7 Mev 
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Target Nucleus cuS3 


Target Nucleus Cu®> 
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Fic. 1c. Comparison of integrand functions for pn(R) 
for Cu®, at deuteron energies Ey=3, 7, and 11 Mev; the 
nuclear barrier height is B=7 Mev. Function wu is without 
correction for d-pn competition as calculated from energy 
distribution of stripped protons; function u’ is reduced by 
this correction. 


obtained by integrating graphically Eq. (10). 
The expressions used tend to overestimate | ¢.|? 
at high energies, so that our computed p,(R) will 
also be somewhat too large for high Ezy. 
Equation (10) is not complete, for it is neces- 
sary to consider the effect of the energy dis- 
tribution of the liberated protons. Although we 
have assumed no coherence between the neutron 
absorption process and the final proton state, 
conservation of energy requires that if the 
neutron is to be captured in a negative energy 
state (and essentially only such neutrons will 
contribute to the observed d-p activity, the rest 
causing re-emission in a d-pm reaction), the 
proto must escape with an energy E, for which 
Ea—I<E,<Ea—I+E£o. Here Eis the maximum 
binding energy of the neutron in the residual 
nucleus, taken in these calculations to be Ey =3.5I 
=7.6 Mev. This range represents only a fraction 
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of the total proton spectrum, so that the 
effective pn(R) must be somewhat reduced from 
the expression calculated above. 

By virtue of the assumption that the absorp- 
tion process is very rapid and of random phase 
relative to the deuteron’s internal motion, we 
can, in first approximation, take the proton 
energy to be specified simply by its membership 
in the deuteron. For a deuteron in the absence 
of a Coulomb field, moving with kinetic energy 
Eq and wave vector K, the usual Fourier inver- 
sion shows that the proton has a momentum 
distribution 


P(k)dk ~#dkdQ/[o2+ |4K—k|? 9, (11) 


where K?=4ME,/i?, ? =2ME,/f?, 2 = MI/h’. 
Integrating over the solid angle dQ and ex- 
pressing the results in terms of energy, 


P(E,)dEy ~E,'dE,/[I+2E>—Ea?+4IEg. (12) 


To carry this over to the deuteron in a classically 
accessible region of the Coulomb field, we assume 
that an equation of the form (12) applies, except 
that the zero point of the energy scale is shifted 
by an amount Ze?/r, for E, and Ea, so that the 
effective distribution is 


P(E,’)dE,’ 
~E,'MdE,'/[I+2E,'’+Ed P+4IE’, (13) 
with 
E,' —E,=Ed' —Ea=Ze*/ry. (14) 


This is based on the classical idea that the energy 
Ze*/r, is stored by the incident deuteron in the 
Coulomb field and is regained by the proton as 
it escapes to an infinite distance, but is therefore 
not available when the deuteron breaks up at 75. 
Then for a given proton position r, at breakup, 
the fraction of escaping protons corresponding to 
neutrons captured in negative energy states is 


~ Ea’ —I +Eo 
f P(E,!)dE, 


Ea’ —I 
f(Ed’) = ; (15) 


Ed —I+Eo 
f P(E,!)dE,y! 
0 





For a given incident energy, Ea’ decreases and 
f(Ea’) increases as r, moves in from infinity; and 
f(Ea’) reaches the value unity at rp=70, where 
Ea—Ze?/ro=I. From this point on we take f=1, 


’p<1ro. This means that the proton is assumed 
always to seize enough energy to escape without 
having to penetrate through a Coulomb barrier, 
and this condition requires that all neutrons be 
left bound in the nucleus if the reaction occurs 
at fp<Po. 

This method of estimating the energy dis- 
tribution of the released protons is admittedly 
crude but should impart at least the right direc- 
tion to our results. The estimate is somewhat 
biased toward the high energy end of the proton 
spectrum, because no allowance is made for the 
possibility that the proton may penetrate out 
through the Coulomb barrier. This means that we 
overestimate the percentage of low energy neu- 
trons and hence. the observed cross section. The 
reduction factor f(E4) is plotted in Fig. 1b. 

We have also assumed that all the stripping 
protons will escape without further encounter, 
whereas actually a small fraction of them will 
subsequently reach the nucleus and be absorbed. 
This effect is equivalent to absorption of the 
deuteron as a whole, and its inclusion would 
therefore reduce the computed cross section for 
stripping. At incident energies on the order of 
the target barrier height B, however, this is a 
second-order effect, although for E,>B, it 
greatly reduces? the stripping cross section from 
about 7/2R? to tR/4a. Furthermore, at low Eg 
the reduction in d-p stripping appears to be 
roughly compensated by the d-p contribution 
from the direct reaction, so that to a first ap- 
proximation the entire d-p cross section may be 
computed from Eq. (2) above. 

Accordingly, we write 


Tdp = Ré,pn(R), (16) 


pa(R) =0.8 f dy(y/Y)| vely/2a) | 
: 4 


X F(y— Y)f(Ez—B(y/Y)), 


where B=Ze?/R is the Coulomb barrier of the 
target nucleus. The effect of the factor f(£,’) 
=f(Ea—BY/y) is illustrated in Fig. 1c, where 
the integrand of p, for Cu® is plotted for several 
values of Ey. The reduction is negligible for low 
Ea, and of predominant importance for energies 
above the barrier height of 7 Mev, where it 


9 R. Serber, Phys. Rev. 72, 1114 (1947). 
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accounts for the decline of og, with increasing 
energy. Each curve displays a fairly sharp peak, 
which persists for Eq well above the barrier 
height, because the increase of | ¢.(rz)|? with rp 
in the neighborhood of R is still strong for these 
energies if all values of J are included in | ¢.|?. 
The variation of these peak values with Ez, is 
not a good approximation to the variation of p, 
because of the variable width of the curves, as 
illustrated in Fig. 1c. 

The present method of treatment has been 
discussed in terms of the d-p reaction, because it 
has been more extensively studied than the d-n 
reaction, which has generally been tacitly 
assumed to proceed entirely by direct absorption 
of the deuteron. Application of the same ap- 
proach to the d-n case, however, indicates that 
an appreciable or even major fraction of the 
observed cross section is again due to a stripping 
process. In an analogous fashion to that above, 
the d-n stripping cross section is 


Can =7REppp(R), (17) 


where &, is the proton-sticking probability. The 
proton density at the nuclear surface is 


pp(R) my 


dV, f (dw p/4m) | g:(tn, R) |? 


Tnh>R 


” f (des»/4n) | ve(R) | 


XxX dV,.|x0(tn—R) |? 


t>R 
= | g(R) |?L3+ ((1 —e-4*)/8aR) ] 
=| e(R) | *Fo(R), 


where F(R) is simply the fraction of deuterons 
whose neutrons happen to lie outside the nucleus 
when the proton arrives at the surface. 

Some of these neutrons will subsequently 
strike the nucleus and be absorbed, but at low Eq 
such absorption will most probably be followed 
by single neutron emission, so that the d-n 
stripping cross section will not be much reduced 
by this effect which is neglected in Eq. (18). At 
very high Ez, however, the d-n and d-p stripping 
cross sections are reduced in the same manner.® 
Therefore, although our absolute cap and gap 
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may not be valid for Eg>B, the ratio cap/can 
should remain correct to first order for all 
energies. 

This also permits us a crude means of esti- 
mating the cross section for the absorption of 
the entire deuteron: without allowing for the 
detailed, compound nature of the process, these 
simple geometrical considerations would indicate 
that the cross section for formation of a com- 
pound nucleus with the addition of the entire 
deuteron is, for Ez comparable with B, 


oa=7RE,| o-(R) |?[1— Fo(R) J, 


corresponding to the condition that the neutron 
is inside the nucleus when the proton arrives at 
the surface and is also absorbed. Since Fo(R) 
>1-—F,(R) for finite R, it is expected that even 
for the d-n reaction the stripping process will 
roughly equal the direct absorption, although the 
ratio of compound nucleus formation by the two 
methods is only 
Fo(R)/1— Fo(R) = (1+1/40R)/(1—1/4aR) 
~1+1/2aR=1.2-1.5, 


(19) 


so that the disparity is of a much lower order 
than in the d-p reactions. 

For high deuteron energies (above 10 Mev) 
the observed d-n activity is almost entirely due 
to stripping because the compound nucleus 
which has absorbed the whole deuteron is so 
highly excited that single particle emission is 
much less probable than the stripping process in 
which a proton is retained. In the d-n stripping 
reaction, we must also apply a reduction factor 
f'(Ea) to account for the fact that the observed 
cross section is produced only by protons that 
are absorbed into the nucleus with energies less 
than Eo above the ground state, for otherwise, 
a neutron is almost certain to be emitted, and a 
d-2n reaction will be observed instead. In this 
case, however, the escaping particle is not subject 
to the Coulomb field. Therefore, to specify the 
neutron energy distribution P’(E,), we replace 
E, by En in Eq. (12) and Eq by Ed’ = Ea—Ze*/rp 
=E,—Ze/R (or by zero if Ea<Ze?/R, the 
nuclear Coulomb barrier). The reduction factor 
f'(Ea) is then determined from P’(E,) in the 
same manner as f(Ez) from P(E,). In Fig. 1b, 
the curve designated as fo(Ea) is the factor f’(Ea) 
computed for E,’<0, the case most frequently 
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encountered for heavy targets. If E,’>0, one 
may take as a crude approximation 


f' (Ea) ~fo(Ea) + (Ea'/Ea)[f(Ea) —fo(Ea) J 
=f(Ea) —Ze*/EaR[ f(Ea) —fo(Ea)]. 


The total d-n cross section to be observed from 
stripping is then 
Can=TREp| ge(R)|?Fo(R)f'(Ea). (20) 


For incident deuteron energies well below the 
barrier height, the dominant factor in expressions 
19 and 20 is | g.(R)|?, and hence the decrease in 
the observed oa, with decreasing Eq is sharper 
than for the corresponding op. This also means 
that a quantitative fit with experimental cross 
sections at EzSB is more sensitive to the choice 
of R for d-n than for d-p reactions, so that Eq. 
(20) should be used to fit experimental curves 
only over a wide energy range. As in the d-p 
reaction, the d-n curve will show a maximum in 
the neighborhood of the barrier height. As Ea 
increases beyond this point, the contribution of 
the direct d-n reaction is generally negligible; 
while the decreasing factor f’(Eaz) and the in- 
creasing factor | ¢-(R)|? of Eq. (20) are more 
equally balanced than in the corresponding d-p 
formula. Therefore, the observed d-n curves 
should decline more slowly than the d-p for 
energies above their peaks; It is also clear that 
the ratio oap/oan, should, in general, exceed 
unity; for example, compare the expressions (16) 
and (20) for oa, and oa, from stripping at Ea~B: 


ap/Can= En/Ep° Pn/ Pp- (21) 
The terms p, and pp are computed in the same 
way, except that where |¢,(r)|?f(Ea’), r>R 


occurs in the integrand for pz, it is replaced by 
|ge(R)|2f’(Ea) in the integrand for p,. Since 


f' (Ea) <f(Ea) <f(E—Ze’/r), 

and | ¢.(r)|?>|¢(R)|? for r>R, and & and & 
should generally be of the same order of mag- 
nitude, we have 

ap/Can> En/ Ep = 1 (22) 
for incident deuteron energies comparable with 
the nuclear barrier height. At low deuteron 
energies, the direct d-n reaction will also con- 
tribute to oan; but this will no more thar, double 
the oa, computed from stripping alone, so that 
the inequality (22) still should hold. At very 
high energies, | g(r) |?~|¢.(R)|?~1, and f’(Ea) 
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~f(Ea—Ze?/r)—0, so that p,—>pr—0, and 
Tdp/Can—én/tp. This suggests the only case in 
which the observed oa, might exceed cap: if for 
some nucleus £ happens to exceed &, then for 
high energies (Eg several times the barrier 
height), we may find gap/oan 1. Observations 
at these energies have not yet been reported 
even qualitatively, although a study of the 
Sdp/Can Tatio in Bi? up to Eg=18 Mev. (12) 
shows that oap/oan>1 in this energy range. 

Of course many-particle reactions induced by 
deuteron bombardment, such as the d-2n, d-3n, 
d-(p,a), d-(p,2n), may also be separated into 
two components, one due to the formation of the 
original compound nucleus by a stripping process, 
the other due to the formation of a different 
compound nucleus by the absorption of the 
deuteron as a whole. In these complex reactions, 
however, the chief determining factor appears 
to be the level density of the compound nucleus 
and its behavior in emitting several particles in 
cascade. Therefore, the method of formation of 
the compound nucleus is of secondary importance, 
and an analysis to distinguish between the two 
modes of formation is scarcely possible with the 
present limited knowledge of level densities. 


Ill. APPLICATION 


Quantitative cross section measurements for 
deuteron-induced reactions have been made up 
to the present time only on a limited number of 
elements, and there mostly for the d-p reaction. 
We compare the formulas obtained above with 
these measurements. 

Figure 2 shows the case of »Cu®, using an 
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Fic. 2. d-p excitation curves for Cu®. 
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Fic. 3. d-p excitation curves for Co**. 


unpublished curve measured by Clarke and 
Irvine. The computed curve was obtained from 
Eq. (16), using 7>=1.50X10-" cm, so that the 
nuclear radius was R=6.0X10-" cm, and the 
effective barrier height (corrected by a factor 
A+2/A for the center-of-gravity motion of the 
system of deuteron plus nucleus) is (Ze?/R) eff 
=7.0 Mev. The general features of this curve 
are typical of all d-p excitation functions over 
wide enough energy ranges: at energies below 
the barrier, it rises toward a fairly well-defined 
peak, above which it declines again rather slowly. 
The rising portion of the curve is relatively flat 
compared with the excitation curve expected in 
case the entire deuteron were absorbed by the 
nucleus; this is due, of course, to the effect of 
the deuteron’s wide natural spread. It is to be 
noted that the peak of the curve generally occurs 
at incident energies a Mev or two above the 
Coulomb barrier, and not at the barrier height 
itself. This arises from a, combination of two 
factors. Since the expression for |¢.|? includes 
the partial waves for all angular momenta, the 
value of |¢.|? will continue to increase fairly 
rapidly with increasing deuteron energy, even 
above the barrier height. On the other hand, the 
reduction factor f(E4’), determined by the energy 
distribution of the escaping protons, begins to 
become effective only for energies above the 
Coulomb barrier, and tends to reduce the cross 
section more and more as the deuteron energy 
increases. The opposing tendencies of | ¢,|? and 
f(£4’) therefore result in a maximum that occurs 
somewhat above the barrier energy; beyond this 
point, the factor f(Ea’) is predominant, and the 
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excitation curve declines. This decline may be 
thought of as due to competition with the unob- 
servable d-pn reaction that follows when the 
stripping neutron is absorbed with positive 
energy. An effort has been made to explain this 
decline at high energies by assuming limitations 
on the angular momentum” so that only the 
first few partial waves contribute to | ¢|?, but 
this seems a rather artificial restriction in con- 
trast to the present interpretation. 

The computed curve in Fig. 2 is fitted to the 
observations by assuming a sticking probability 
of &,=0.9. It is at once evident that the agree- 
ment is close enough to suggest that practically 
the entire observed d-p cross section is due to 
this stripping process, and that the contribution 
of the direct d-p reaction may be.neglected in 
first approximation. Indeed, upon examination 
this direct contribution proves to be very small 
for all energies of the incident deuteron. This is 
essentially because at low energies the deuteron 
has difficulty penetrating as a whole through the 
Coulomb barrier, and, more important, the 
proton is inhibited from escaping from the com- 
pound nucleus because of the same Coulomb 
barrier. This unfavorable ratio for p emission 
relative to m emission persists up to incident 
deuteron energies above the barrier height, 
beyond which appreciable competition begins to 
occur from the d-pn reaction. Thus, the direct 
d-p reaction hardly appears at all, because of 
strong d-n competition at low energies, and 
(d-2 particle) processes at higher energies. 

The smallness of the d-p reaction may be 
estimated in a quantitative fashion by using the 
results of Weisskopf and Ewing! on the evapora- 
tion model of the nucleus. Equation (19) gives 


10. T. Clarke and J. W. Irvine, Jr., Phys. Rev. 66, 231 
(1944). 
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the cross section oq for the formation of a com- 
pound nucleus by absorption of the entire 
deuteron; the corresponding d-p cross section is 
then 

Sap=oa(l,/T)(e), (21) 


where I’, and I are the proton and total emission 
widths and ¢ is the maximum kinetic energy 
with which the proton may be emitted. If the 
energy of the incident deuteron is Eg and the 
neutron binding energy is Eys=8 Mev, we have 


e=Ei,t+E,o—I=E.,+6 Mev. 


For Eg=9 Mev, e=15 Mev, and from Fig. 2 of 
reference 1 we find T,/T'(15 Mev) =0.05; and at 
this energy |¢.(R)|?=0.5. Also, for Cu®, 
1—F)(R)=0.4, and we take §,=i=0.9 as 
already determined. Then the direct d-p cross 
section for Cu® at 9 Mev is, according to Eqs. 
(19) and (21), 


Tdp= Ré,| gc(R) |°(r,/T)[1 a F(R) ] 
=0.110-*% cm’. 


This is less than five percent of the observed 
cross section at this energy, and the percentage 
will decrease at lower energies as I',/IT’ becomes 
less favorable and | y-(R) |? diminishes. At a high 
energy like Eg=15 Mev, on the other hand, we 
must be concerned with competition from the 
d-pn reaction. The relative probability of single 
proton emission is, according to the statistical 
formula, approximately 


fp=(1+ (Ae’/Ts'))expl —Ae’/T "J, (22) 
with 
Ae’ =e— V—Ey=(Ea+6) — V-—8=Ea—9 


with V=7 Mev, the Coulomb barrier of the 
nucleus. 7,’ = Tp(e— V) =2[5(Ea—1)/Acu ]}. For 
Cu® at Eg=15 Mev, we have Ac’=6, Tp’ =2.1, 
so f,=0.2. The other factors in ogp remain the 
same, except for | ¢.(R)|?, which has increased 
to 0.8, and [',/I' (21 Mev), which may be esti- 
mated as about 0.1. Then the direct d-p cross 
section is 


Cap = TRE, | ge(R) | [1 = F(R) \(Tp/T)fp 
= 0.07 X10-* cm?, 


again about five percent of the observed cross 
section. This percentage will now decrease with 
increasing energy, as the direct reaction cross 


section will be dominated by the exp[ —Ae’/T3’ | 
factor for single proton emission. 

In Figs. 3 and 4 are shown similar comparisons 
of observed and computed curves for 27Co®® 1 and 
3sBr®.1° In each case the computed curves show 
only the cross section expected from stripping; 
the values of & used to fit the curves were 
&,=0.8 for cobalt and &=1.1 for bromine. 
These cases show no distinctive features, except 
that for both elements it was necessary to 
assume 7o=1.65X10-" cm to fit the experi- 
mental curves. The computed curves are not 
particularly sensitive to variations in 7» because 
of the smoothing effect of the integrations in- 
volved but, as in these cases, it should be pos- 
sible to assign a value for 79 to within ten percent 
from comparison with experiment. 

The d-p reaction has been studied quan- 
titatively" for one light element, ;,Na”*. Although 
the statistical attitude underlying our formula- 
tion may not be valid in this case, it is of interest 
to see how closely the curve computed on this 
basis may resemble the observations. In Fig. 5 
are shown the excitation curves: the computed 
curve involves only the d-p stripping process 
with an assumed 79=1.50X10-" cm, and a 
value of ~,=1.8. The agreement in shape of the 
curves is quite good, except at very low energies, 
but agreement in magnitude is achieved only by 
taking £,=1.8, whereas from its definition we 
should expect &,<1. Of course, some irregularity 
in the effective ~ values is expected for light 
nuclei, where the conditions for definition of the 
sticking probability as an independent nuclear 
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Fic. 5. d-p excitation curves for Na™. 


11E. T. Clarke and J. W. Irvine, Jr., unpublished. 
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parameter are least likely to be satisfied. A pos- 
sible explanation might be that for such a light 
nucleus the d-p reaction by direct absorption 
would make a strong contribution. In the par- 
ticular case of Na’, however, it appears that 
the direct reaction is again negligible. It happens 
that the binding energy of a proton in the Mg*4 
nucleus is about 3.7 Mev greater than the binding 
energy of a neutron in the Na* nucleus; in 
addition, the proton must overcome a 4-Mev 
Coulomb barrier in escaping. Thus, in an excited 
Mg” nucleus there is effectively some 7.7 Mev 
more energy available for the emission of a 
neutron than of a proton, so that the direct d-n 
reaction is expected to overwhelm the d-p until 
incident deuteron energies are reached at which 
two-particle emission becomes prominent. For a 
very rough estimate of the ogp/oan ratio we may 
use the statistical model as employed in reference 
1; this shows that oa, (direct) <0.05 Xcap 
(stripping) at Ea=6 Mev, the peak of the ob- 
served curve. Thus the stripping mechanism is 
expected to account for practically all the 
observed d-p cross section on Na”. The sticking 
probability in this case might be reduced to 
approximately unity by taking ro>~1.8x10-" 
cm; this would shift the peak of the computed 
curve to around 0.5 Mev lower energy. . 

The only heavy element for which a thorough 
quantitative study has been made on deuteron- 
induced reactions is Bi?*. Figure 6 shows the 
computed curves for both the d-p and d-n cross 
sections, as compared with a recent set of ob- 
servations reported by E. Segré." For both 
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Fic. 6. d-p and d-n excitation curves for Bi?9. 


2 E. Segré, unpublished. 


TABLE I. Sticking probabilities. 











Element én Element én 
Ptis6 0.2 T12% 0.5 
Preiss 0.4 Pb20s 0.3 
Aut? 0.3 Bj209 0.1 
Hg 1.7 Th 0.2 
Hg? 0.3 U%s 0.2 








computed curves a standard radius of r>=1.80 
<10-" cm was assumed, leading to a nuclear 
radius of R=10.7X10-* cm. The values of the 
sticking probabilities were taken as £,=0.23 and 
£)=0.25 for the oap and oan curves, respectively. 
In computing the oa, curve with Eq. 20, the 
additional assumption was made that the 
threshold for a Bi?°°(p, 2)Po?° reaction is some 
2-3 Mey, in accordance with the presumed great 
instability of the Po?®® nucleus. Only the com- 
ponent from the stripping process was con- 
sidered in computing the oa, as well as the cap 
curve; the direct d-n reaction is expected to 
encounter not only d-2” competition at energies 
around Ez=10 Mev, but strong d-a competition 
at all observable energies, as the compound Po”! 
is a very likely a-emitter. 

The d-p and d-n reactions on Bi? have 
previously been studied? at energies up to 14 Mev 
in an effort to determine the point at which the 
ratio ¢ap/can fell below unity, in accordance with 
the view that the Oppenheimer-Phillips su- 
premacy of the d-p reaction would vanish as Eq 
approached the nuclear Coulomb barrier. This 
expectation is not fulfilled: experimentally, and 
the present treatment indicates that since for 
Bi? ¢, ~ &, the observed ratio ¢ap/oan Will exceed 
or equal unity for all deuteron energies. This 
ratio approaches é,/£, as Ea— ©, so that the cap 
and oa, curves will cross only at high Eg and 
only in the fortuitous (for this simple theory) 
circumstance that £,/& <1. 

This exhausts the list of elements for which 
quantitative excitation curves are available over 
a wide range of energies. Another set of measure- 
ments has been published!*!4 on quantitative 
cross sections for a series of heavy elements at 
the relatively low energies of Ez=6-9 Mev. The 


#8R. S. Krishnan and E. A. Nahum, Proc. Roy. Soc. 
A180, 321 (1942). 
mR. S. Krishnan and E. A. Nahum, Proc. Roy. Soc. 
A180, 332 (1942). 
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shapes of the curves over this narrow region are 
not particularly informative, but in Fig. 7 are 
shown a couple of typical cases, the d-p excitation 
functions for Au? and Th*?, representing 
examples from each end of the range of elements 
studied. For all calculations on these elements, 
a standard radius of 7>=1.50X10-" cm was 
assumed, and the stripping reaction only was 
considered. The observed and computed curves 
for all intervening elements lie between these 
respective limiting cases, except for Bi?, where 
these authors ‘report an exceptionally steep 
curve, markedly steeper than that for any other 
element. Just for Bi?®, however, there exists an 
independent set of measurements over the same 
energy range,? which by contrast show a normal 
excitation curve with slope similar to that of the 
computed functions. 

The quantitative values given in reference 14 
may be used to calculate the corresponding 
sticking probabilities for the, elements con- 
cerned; these are shown in Table I. 

The corresponding & values were not com- 
puted from the few cross sections given for can, 
because at Ez=9 Mev the results are extremely 
sensitive to the choice of nuclear radius, and it is 
not certain that the contribution from the direct 
reaction is negligible. A reasonable value of &, 
could be obtained only from fitting a quantitative 
curve over an energy range exceeding the barrier 
height of the nucleus, as in the case of Bi?°. 

The &, values were all fitted to the experi- 
mental cross sections reported at 9 Mev, using 
Eq. (16) for the cross sections due to the 
stripping process alone. The direct d-p reaction 
can be neglected as usual. These values for é, 
are not so reliable as those obtained from fitting 
the over-all curve, as in the case of the lighter 
elements, because the computed cross sections at 
9 Mev—below the barrier height in all cases— 
are rather sensitive to the value selected for the 
nuclear radius. There remains, however, the sug- 
gestion that the sticking probabilities for the 








Fic. 7. d-p excitation curves for Au!*? and Th”. 


heavy elements are consistently lower than those 
of the light and medium nuclei, where é,~1. In 
this connection, it would be of interest to study 
the reactions of Table I quantitatively over a 
wide energy range in order to fix the values of &, 
with more certainty, and to extend the measure- 
ments to elements in the range 83 <A <196. 

The values of 7o used to fit the over-all curves 
in Figs. 2-6 tend to be larger than the usually 
assumed value of 1.5X10-" cm. This might be 
ameliorated by assuming that for d-p stripping 
to occur the proton must be outside the range 
of the n-p forces in the deuteron, as well as 
outside the nuclear surface. The actual radius 
of the nucleus would then be somewhat smaller 
than the effective radius appearing in the cal- 
culation. 
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A calculation has been made of the binding energy of a self-trapped electron in NaCl. The 
potential well, caused by the ionic displacements, was assumed to be a sawed-off Coulomb 
field, the sides being given by (1/xo—1/x)1/r, where the x’s are the dielectric constants. The 
depth of the well was calculated by the method of Mott and Littleton. In the present problem, 
however, we require a self-consistent solution; that is, the initial wave function which is em- 
ployed in calculating the depth of the trapping potential hole must be identical to the one 
obtained from this potential hole on solving the Schroedinger equation. The electron is smeared 
over a sphere whose radius equals approximately three interatomic distances. The outer 
displacements are calculated by a semicontinuum theory, whereas the dipoles of the three ions 
nearest the trapping center are calculated from the condition of equilibrium. The optical dis- 
sociation energy is found to be 0.68 ev, whereas the thermal energy is 0.13 ev. The low value 
of the second quantity presumably explains why self-trapping has not been observed to date. 
This energy should be about twice as large in LiF. These results suggest that self-trapping 
should be sought at a very low temperature. 


‘ 





I. INTRODUCTION sufficiently accurately to be sure that this process 


HE possibility that an electron can trap does not compete with the other. Further, one 


itself in a polar crystal was predicted by 
Landau. The trapping potential well is produced 


might hope that by a calculation of this type 
sufficient information would be gained to predict 


as a result of the ionic displacements induced by under what conditions, if any, self-trapping would 
the field of the electron. Formerly this type of _ be observed. 





trapping was believed to be a possible explana- A rough set of calculations of the binding 
tion of the F centers studied by Pohl.! Experi- energy of a self-trapped electron in ionic crystals 
mental studies of the way F centers are produced, has been made by Gurney and Mott,? and they 
. when there is stoichiometric excess of metal in report the binding energy to be several electron 
an ionic crystal, indicate that they actually are volts. Details of the calculations are not given, 
caused by an alternate mechanism suggested by but the problem of a self-consistent solution does | 
de Boer. He proposed that the electrons are ot appear to have been considered. These values 
trapped in the vacant negative lattice sites, seem extremely high and make it very difficult 
Further rough estimates of the energy required to understand why self-trapping has not been 
to form an F center from a vaporized alkali metal observed during some of the experimentation of 
implies that Landau’s mechanism does not com- Pohl or his co-workers. Recently, Pekar® has 
pete favorably with de Boer’s on energetic calculated this binding energy on the assumption 
grounds. of a continuous medium. His solution is self- 
The problem remains, however, to calculate consistent and gives an optical activation energy 
the binding energy of a self-trapped electron of —0.32 ev for NaCl. To calculate this value from 
~ * This work was started while the writers were connected his equations, we have placed the effective mass 


with the Training Program of Clinton Laboratory, Oak of the self-trapped electron equal to the free 
Ridge, Tennessee. It was in part supported by Contract 
NObs-34144 with the University of Pennsylvania. electron mass. 

** Now at Brown University,.Providence, Rhode Island. _—————— 

1 For a recent review of this field see F. Seitz, Rev. Mod. 2R. W. Gurney and N. F. Mott, Proc. Phys. Soc. 49, 32 
Phys. 18, 384 (1946), where a more detailed bibliography (1937). 
is given. 3S. Pekar, J. Phys. U.S.S.R. 10, 341, 347 (1946). 
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In view of the importance of self-trapping, we 
deemed it worth while to carry through a detailed 
calculation of the binding energy. In these calcu- 
lations the method developed by Mott and 
Littleton‘ to calculate lattice defects was used. 
It is based on the simple and reliable theory of 
ionic crystal of Born with appropriate modifica- 
tions. The electron wave function determines the 
field which causes the displacement of the ions in 
the crystal; these displacements determine the 
potential hole the electron is found in, and, 
finally, the hole determines the wave function. 
We thus require a self-consistent solution. Fur- 
ther, as we shall see, the electron is smeared out 
over several neighboring ions. This implies that 
the more distant ions may be more important 
than in the calculations of Mott and Littleton 
and that the total charge which determines the 
polarization of an ion varies with the distance 
from the trapping center. 


Il. THE WAVE FUNCTION 


Let us now consider in detail the Schroedinger’s 
wave equation for a self-trapped electron in a 
crystal, namely, 

h2 

~—-V*y+ (Er—eVr)y =0, (1) 

2m 
where £7 is the total energy of the electron and 
Vr is the total potential at 7. The other terms 
have their conventional meaning. V7 is a com- 
bination of two terms, namely, the undisturbed 
potential, which is present whether or not there 
is a distortion of the lattice due to self-trapping, 
and an additional potential from the distortion. 
We may thus write it in the form 


Vr=Vit+V, (2) 


where V7 is the ionic potential, which is essen- 
tially the Hartree potential of the ion corrected 
for the fact that the ion is in a perfect crystal 
and V is the potential due to the lattice distor- 


tion. In line with Eq. (2) we write 
Er=E,+E. (3) 


We now make the assumption that we may write 
the wave function, y, as a product of two wave 


4N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 
34, 485 (1938). 
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functions 


(4) 


x is taken as the undistorted wave function—a 
Bloch function for an electron in the conduction 
band. We may picture g as modulating x. Ad- 
mittedly (4) is just a first-order approximation. 
We assume that V7, Ey, and x are related by 
the equation 


= 9x. 


(h?/2m)V*x + (Er—e V1) x =0. (5) 
Substituting back into (1) we obtain 
(h?/2m)V? p+ (h?/m)Ve-(Vx/x) 

+(E-eV)~=0. (6) 


Let us now examine Eq. (5) so that we may 
find a way to handle the second term in Eq. (6). 
Tibbs® has calculated x for NaCl. His calcula- 
tions follow the standard method of calculating 
Bloch functions in solids.* Tibbs employed the 
calculations of Prokofjew’ on Na and of Hartree® 
on Cl to determine the ionic fields, but added a 
term to take care of the Ewald potential. Its 


form is 
Ar’ +Br'+1.748e?/a, 


where 7 is the radial distance, A and B are con- 
stants, different for Na and Cl, ‘‘a’”’ is the 
distance between nearest neighbors, and 1.748 is 
Madelung’s constant. The positive sign goes 
with Na, and the negative with Cl. A and B are 
evaluated so that the Ewald term is zero at the 
point where the ionic spheres (Tibbs replaced 
the ionic polyhedrons by spheres) are in contact, 
and the potential is due only to the overlapping 
ions. By numerical integration Tibbs found the 
energy for which the condition 


x(Cl)/x(Cl) = —x(Na)/x(Na) 


is satisfied at the boundary of the ionic spheres. 
Tibbs’ value of Ey is 3.2 ev. 

We recalculated x using more recent ionic 
fields, which include exchange terms. We used the 
field of Fock and Petrachen® for Na and the field 


5S. R. Tibbs, Trans. Faraday Soc. 35, 1471 (1939). Also 
N. F. Mott and R. W. Gurney, Electronic Processes in 
Ionic Crystals (Oxford University Press, New York, 1940), 


p. 69. 

6 F. Seitz, The Modern Theory of Solids (McGraw-Hill 
Book Company, Inc., New York, 1940). 

7W. Prokofjew, Zeits. f. Physik 58, 255 (1929). 

8D. R. Hartree, Proc. Roy. Soc. A141, 282 (1933). 

®V. Fock and Mary Petrachen, Physik. Zeits. Sowjet 
union 6, 368 (1934). 
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of Hartree and Hartree’? for Cl. The wave func- 
tion obtained in this way is very similar to that 
found by Tibbs. However, E; is 12.8 ev. Our 
value is considerably larger than Tibbs’ for the 
following reason. He made a correction for the 
use of the self-consistent field calculations with- 
out exchange. The diamagnetic susceptibility 
for Cl- calculated from the field he used is 
25 X 10-* cm*, while the measured value for Cl- 
is 41.3X10-® cm*. Therefore, he multiplied his 
ionic radii by (41.3/25)* and obtained approxi- 
mately 4.0 atomic units. We did not make this 
correction and used for the atomic radius the 
value obtained directly from the lattice constant. 
In addition, of course, we used slightly different 
fields from those used by Tibbs. 

In treating Eq. (6) we shall neglect the second 
term and use the simplified form of the equation, 


namely, 
(i? /2m)V?e+(E—eV)~=0. (7) 


The principal justification for this procedure 
rests on the fact that ¢ varies slowly in compari- 
son with x so that Vx/x may be replaced by 
its mean value over any single cell of the lattice 
to a good approximation. This mean value is 
readily seen to be zero because x is an even func- 
tion relative to the center of symmetry repre- 
sented by each ion in the lattice. . 

To determine the effect on the energy of 
omitting the second term of Eq. (6), we calculate 
its value by the mean value theorem. To do this, 
we assume that y is given by (4), where ¢ and 
x are given by Egs. (5) and (7). If H is the total 
Hamiltonian obtained from Eq. (1), we have 


Er= fvenvas 


=E+E:—(h/m) | x*¢* gradx-gradgdr. (3a) 


We shall see that ¢ is a slowly varying function 
of position, and therefore, the last term ¢an be 
written as 


h 
~ ——¢* gradg)w: fr gradxdr. 


llcells mm 


We have substituted an average (over a cell) for 


10D. R. Hartree and W. Hartree, Proc. Roy. Soc. A156, 
45 (1936). 
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g* gradg, taken it out of the integrand, and 
summed over all the cells. Since x is an even 
function of position, the integral vanishes and 
one obtains Eq. (3). 

This same argument can be used to show that 
the higher approximation in a_ perturbation 
scheme vanishes. The perturbation scheme can 
be built up of product functions of the type x¢; 
in which the ¢; are the excited states’ wave func- 
tions going with the wave (7) (¢ being the ground 
state of Eq. (5)). We may therefore consider the 
wave function (4) as the leading term of the 
actual function given by xo; ¢i. 

We note that E£ is the energy relative to the 
electron in the conduction band, and we are, 
therefore, interested in it, not Er. 

Equation (7) is the form that was used by 
Pekar, although, in principle at least, he made 
allowances for the band structure by substituting 
an effective mass for m. 


Ill. THE DISPLACEMENT POTENTIAL 


Since x does not enter into the evaluation of 
Eq. (7), we may use Born’s" model of an ionic 
crystal. Therefore, we assume that the crystal is 
made of ions, whose internal structure is of no 
interest here except for the fact that they may 
become polarized when placed in an electric field. 
There are two main*types of forces in this crystal, 
the short-range Borri-Mayer force and the long- 
range electric force which arises from the addi- 
tional electron and the polarization associated 
with displacements of the ions from their equi- 
librium positions. The equilibrium electric forces 
have, of course, been taken into account in V7. 

To simplify the problem, we assume that it is 
possible to separate the polarization of the elec- 
trons in the ion core from the displacement 
polarization of the ions. This separation is neces- 
sary because of a difference in the time of relaxa- 
tion. Thus, if by some mechanism the electron is 
held constant for a period which is long compared 
to the time of a single lattice oscillation, 10-” 
sec., the surrounding ions would be displaced. 
Effectively then, the electron would be sur- 
rounded by dipoles. The displacements would 
not follow the rapid motion of the electron after 
it is released, because of the long period of relaxa- 


11 See N. F. Mott and R. W. Gurney, reference 5, Chap- 
ter I; F. Seitz, reference 6, Chapter IT. 
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tion. Thus the displacement polarization would 
create a potential hole to which the electron 
would be bound. The core electrons will, how- 
ever, follow the detailed motion of the trapped 
electron, since the velocities of the electrons are 
roughly comparable. This means that the sus- 
ceptibility of the core will not enter directly into 
the creation of the potential hole. Strictly speak- 
ing, these two effects are not entirely separable 
because the local field (field at a given ion site 
within the crystal) is affected by the state of 
polarization of the neighboring ions. Neverthe- 
less, we shall start with the assumption that the 
two are separable, so as to simplify the problem. 

To make this argument quantitative, we con- 
sider two cases—first, for static charges the field 
is given by D/x, where D is Maxwell’s displace- 
ment vector and x is the static dielectric constant. 
This implies that there is an induced dipole of 
strength per unit volume, 


(1/4) (1—1/x)D. (8) 


If, on the other hand, we have a rapidly varying 
field, which cannot be followed by the ionic 
displacements, the field is D/xo, where ko is the 
high frequency dielectric constant. For this case 
the induced dipole is 


(1/42) (1—1/xo)D. (9) 


To separate the effect of core polarization from 
the effects of displacements, we may use a 
method of Mott and Littleton.‘ If we impress a 
uniform field on our crystal, the positive ions 
will be displaced a distance a£ in one direction, 
while the negative ions are displaced aé in the 
other. For small displacements the equation of 
equilibrium is: 

pag =eE docal); (10) 
where is an elastic constant. If we assume that 
the repulsive forces are represented by a short- 


ranged potential of the form (Born-Mayer) 
w(r)=Ae, 


(11) 


where p=0.326X10-8 cm, and that these forces 
act only between nearest neighbors, we obtain 
2(1.748)e%r1 
psa a] 


-—2/a 
3a? p 


(12) 


The induced dipole due to the displacement is 


simply 
(e?/p) Eccl 


Thus e?/p behaves just like a susceptibility, 
whence we may set a=e?/p. For static fields, we 
may define 


fe=(ait+a2)/(a1+a2+2a), 
fa= 2a/(aitaz+2a), 


where qa; and qa: are the core polarizations for the 
odd and even ions (see below). fz is the fraction 
of polarization arising from the displacements of 
the ions, and f, is the fraction resulting from core 
polarization. In the equation, we have omitted 
corrections for the overlap terms," since Mott 
and Littleton’s calculations indicate*'that this 
correction is small. 

One may arrive at an alternate expression for 
the f’s by regarding the difference between the 
expressions (8) and (9) as the displacement di- 
poles per unit volume. According to this view- 
point, it follows that 


fe=(1—1/k0)/(1—1/x), 
fa=(1/«o—1/x)/(1—1/k). 


(13) 
(14) 


(15) 
and 
(16) 


The definitions (13) and (14) are not equivalent 


to (15) and (16). For NaCl, the first set gives 


f.=0.38, 
fa=0.62. 


In calculating Eq. (17a) the polarization used 
for Na was 0.195 X10-*4 and for Cl, 3.4110-*4 
in cm, These are averages of values quoted by 
Fajan and Joos, Born and Heisenberg, and Paul- 
ing (see reference 11). The second definition gives 


fe=0.68, 
fa=0.32. 


That these definitions are not equivalent in 
general can be seen with the use of the Lorentz 
term” for the local fields E+ (42/3)P. According 
to this relation, x is related to the polarizability 
per unit cell a. by the equation 


(x—1)/(«+2) = (49/3) moa. 
Here a, is the total polarizability per unit cell 
and m is the number of molecules per unit vol- 


12 See, for example, J. N. Van Vleck, The Theory of Elec- 
tric and Magnetic Susceptibility (Oxford University Press, 
New York, 1932), p. 14ff, 


(17a) 


(17b) 


(18) 
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ume. a, may be replaced by the electron polariza- 
bility per unit cell when displacement does occur, 
in which case x is to be replaced by xo. With the 
use of Eqs. (13), (14), and (18) we may conclude 
that 


fe=L(«o—1)/(xo+2) JL(n+2)/(x—1)]. 


The derivation of this equation uses the fact that 
the total polarizability per unit cell is propor- 
tional to a1+a2+2a and the electronic polariza- 
bility is proportional to ai+a2 with the same 
proportionality factor. 

If the electron polarization were the same be- 
fore and after displacement, we would expect the 
relation 


[1—(1/xo) ]=[1—(1/«) Ife 
=L(«o—1)/(xo+2) IL («+2)/«]. 


(19) 


(20) 
or 


x/ko=(k+2)/(Ko+2). 


This evidently is not identically satisfied. How- 
ever, the condition approximately valid is at 
least partly satisfied. It is interesting to note that 
the right-hand side of (20) is smaller than the 
left, which means that the electron polarization 
decreases somewhat when the displacement 
polarization occurs. 

The actual calculations were carried through, 
using Eqs. (15) and (16). That is, with the as- 
sumption that the electron polarizability is un- 
changed by the displacement, it is difficult to tell 
what error this introduced without carrying 
through some lengthy calculations. To be exact, 
one should take account of the core polarization 
in a more careful manner than we have done. 
Undoubtedly, the calculations presented in this 
paper give values that are correct to within an 
order of magnitude. 

Equations (15) and (16) give the usual expres- 
sion for the displacement dipole per unit vol- 
ume,*!3 namely, 


(1/42) (1/xo—1/«). (21) 


The use of this expression is equivalent to assum- 
ing a continuous medium and completely dis- 
regarding the detailed crystal structure. For dis- 
tant lattice points, one may assume the foregoing 
relation to hold approximately, but for neighbor- 


18 See N. F. Mott and R. W. Gurney, reference 2, p. 86. 
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ing ions we will have to consider the crystal 
structure in detail. 


Zeroth Approximation 


Let us, for the moment, assume that (21) holds 
for all the ions. Thus the displacement dipole 
induced on an ion a distance r (to be measured in 
interionic units) from the self-trapping center is 


ead(r;) = (a8/4r)(1/Ko—1/x)D(r;), (22) 


where 6 is the displacement of the 7;th ion in 
units of ‘‘a.”” Here the problem is to calculate 
Maxwell’s displacement vector. As we shall see 
subsequently, the electron is smeared over a 
sphere whose diameter is approximately 10a. At 
points outside this sphere, D clearly equals 
e/a’r?. Since we are only interested in the time 
average dipole, we may use the time average 
displacement vector obtained from the trapped 
electron’s wave function for points inside the 
sphere. In general, we may write 


ead(r;) = (a/4rr2)(1/Ko—1/x)eQ(r:), 


where 


(23) 


Qn)=4rf lo |*eae. 


Here we used only the envelope of Y—i.e., g ignor- 
ing the modulating function x in computing Q. 
At large distances, Q(7) equals unity, and further, 
we note ‘‘a’”’ appears only in the first power on 
the right-hand side because of the units selected. 
Equation (23) shows the nature of the problem 
to be solved. To calculate the dipoles we must 
know ¢ from Eq. (7), but to evaluate that equa- 
tion we must know the 4’s. 

Using Eq. (23) one could calculate V at any 
point in the crystal. This procedure is too compli- 
cated for actual use. However, we approximate V 
as follows. At large distances, where the con- 
tinuum’ approximation is applicable, the poten- 
tial due to the displacement dipoles is the 
difference between the static and the high fre- 
quency potential, 


(1/xo—1/x)e/ar, (24) 


in which we have let Q(r) equal unity. Near the 
center of trapping, the field undoubtedly is 
neither a simple function nor is it completely 
spherically symmetric. We believe, however, that 














we can obtain a sufficiently good approximation 
by cutting off expression (24) at a distance ro, 
and assuming that for smaller values of 79 the 
potential is a constant. That the self-trapping 
potential behaves approximately in this manner 
can be seen from the fact that the potential at 
the very center is finite. We shall let the constant 
value at which (24) is cut off be this constant 
value. Our problem thus reduces itself to finding 
the potential once ¢ is known. 

From Eq. (23) we obtain the desired ities of 
the potential which we call Vo(0), namely, 


Vo(0) = (e/4ma)(1/Ko—1/x) DY Q(ri)/ri*. 


all ions 


(25) 


The subscript denotes the order of the approxi- 
mation. The summation converges slowly, since 
the number of ions per shell increases as the 
square of the distance. Until now we have made 
no assumption concerning the geometric arrange- 
ment of ions near the center of the self-trapped 
electron. For simplicity, we shall assume the 
center coincides with a positive ion site. In the 
zeroth approximation one would obtain exactly 
the same value of wave function ¢ and energy by 
locating the center at a negative ion site. This 
may seem paradoxical at first sight, but it should 
be recalled that the detailed internal structure, 
even the total charge of the ions, enters into the 
problem only through x. However, the wave 
function x is approximately equally distributed 
between the two ions, that is {”|x|%d7 over the 
negative ion approximately equals / | x|%dr over 
the positive ion. This shows that the electron does 
not distinguish strongly between the two ions. 

Sums of the type found in (25) have been 
carried out by Ingham and Jones" for Q(r) =1. 
When the origin is at a positive ion, their result 
may be stated as follows: 


= 1/r4=10.1977, 


neg. ions 


xy 1/r4=6.3346. 


pos. ions 


(26) 


We can evaluate (25) accurately by assuming 
Q(r) =1 for the outer ions and write 


~ QO(r:)/r#= QUrid/rt+ dh 1/ré. (27) 


4 A, E, Ingham and J. E. Jones, Proc. Roy. Soc. A107, 
636 (1927). 
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The division between ‘“‘near’’ and ‘‘far’’ ions de- 
pends on g. At first the 25 nearest shells were 
considered ‘‘near.’’ However, it was found subse- 
quently that Q(r) converged sufficiently rapidly 
that it is necessary to consider only about half 
that number. 

We started by using Pekar’s wave function 
with the assumption that the free electron mass 
may be used for the effective mass. His equation 
leads to a value 20.3 X10~‘ e.s.u. for Vo(0) while 
Eq. (25) gives 20.1 X10-‘ e.s.u. This implies that 
to the zeroth approximation both methods give 
the same results, as might have been expected. 
We must go to higher approximations to include 
the details of the crystal structure. 


Higher Approximations 


Mott and Littleton found when calculating 
V(0) for a missing ion site that one may assume 
that an equation analogous to (22) holds for all 
but the nearest ions. It is not clear that this 
approximation is valid in the present case, be- 
cause the electric charge is spread out over neigh- 
boring ions. Therefore, to be on the safe side, 
we assumed that (22) does not hold for the three 
sets of nearest ions, namely the (1,0, 0), the 
(1, 1, 0) and the (1, 1, 1) sets. The cases in which 
these sets are successively included were referred 
to as the first, second and third approximations 
respectively. The displacements of these ions 
(which we shall call ¢ to distinguish them from 
the 6’s obtained by (22)) are calculated from the 
equations of equilibrium, 


F,+eE;=0, (28) 


where F, is the repulsive (Born-Mayer) force due 
to the neighboring six ions and £; is the local 
field at the point of equilibrium. Here we ignore 
all effects of lattice vibrations. Strictly speaking, 
Eq. (28) gives the equilibrium position about 
which the ion is vibrating. The electric field is 
caused, to a good approximation, only by the 
lattice dipoles and the extra charge. The Made- 
lung field is virtually zero near an ion site and 
is included in x. 

As stated, the trapped electron is not affected 
by the polarization of the ion core. The field E;, 
to be used in Eq. (28), however, must include 
two effects; the field due to the displacements of 
the surrounding ions and the average core polar- 
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ization of the surrounding ions. The latter must 
be included because of the relatively long relaxa- 
tion time of the ions. The average core polariza- 
tion is simply given by the average field E; times 
the ionic polarization. Hence we have the addi- 
tional set of equations, 


(29) 


Here a; is the susceptibility of the 7th ion, m; is 
the average core dipole, and £; is the time aver- 
age field. The subscript 7 on the é’s and the a’s 
refers to the inner ions in accordance with the 
following scheme: 

1 for the (1, 0, 0) ion, 

2 for the (1, 1, 0) ion, 

3 for the (1, 1, 1) ion. 


mn;= a,;F;. 


In the case of the third approximation, Eqs. (28) 
and (29) give six conditions between six un- 
knowns. From the solution of these equations we 
obtain information needed to determine V(0). 
We shall now derive explicit expressions for the 
E’s and the F,’s in terms of the other variables. 

The £’s are composed of three parts: 

(a) The Outer Dipoles—This term includes 
those dipoles whose strength is given by the 
continuum theory. Thus for the third approxima- 
tion this includes all ions outside of (1, 0, 0), 
(1,1,0) and (1, 1,1). To calculate their contri- 
bution to the field, we note that the dipoles must 
be oriented radial relative to the center of the 
trapped electron. From the geometry of the lat- 
tice it follows that the net field at a lattice site 
arising from a shell of ions is also radial. By 
“shell of ions’ we mean all the ions given by the 
permutation of (x, y, z) when the x, y, and zg have 
both a positive and a negative sign. For NaCl, the 
ion is of one type if the sum of x, y, and z is odd 
and is of another type if the sum is even. For 
our case, an odd sum represents a negative (Cl) 
ion site. The outward field at about R— having 
coordinates (X, Y, Z) due to a radial dipole of 


strength d at a point r— having coordinates . 


TABLE I. Comparison of the various approximations used. 








Potential 
Approxi-- X10‘ e.s.u. 
mation at (000) 


0 35.8 
1 56.7 
2 67.2 
3 70.6 


&1 X108 &2 X10 &3 X108 
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(x, y, 2), can be calculated from the standard ex- 
pression for the field due to a dipole. We find 


E(R, r) = (d/rR|r—R|*) {[(Xy— Yx)?. 
+(Xz—Zx)?+(Yz—Zy)?] 
—2[(r?—Xx— Yy—Zz) 

x(Xx+Vy+Ze—R%)]}. (30) 


The strength d of the dipole includes the 
effects due both to the displacement and to the 
core susceptibility. In view of our discussion in 
connection with the derivation of Eqs. (13) and 
(14) it would seem logical to define the average 
total (displacement plus ionic core) dipole in- 
duced at an odd (CI-) site as 


(Mya*eQ(r) /a?r*)(1/4r)(1—1/k), 
and that for an even (Nat) site as 


(Mza*eQ(r) /a?r*)(1/4r)(1—1/x), 


(31a) 


(31b) 
where 
Mi=(a+a1)/(a+3(aita2)), (31c) 


M2=(a+a2)/(a+$(a1t+a2)). 


Here the a: and qa, are the core susceptibilities of 
the odd and even ions. 

Using Egs. (12), (30), and (31), we obtain for 
the field from an odd (CI-) ion shell 


— 5.346 X 104Q(r)I;;/r?, 
and from an even (Nat) shell 
— 2.612 104Q(r)I,;/177. (32b) 


The J’s relate the field at site 7 to the dipoles in 
the jth shell. The evaluation of the J’s requires 
lengthy calculations using (30). Mott and Little- 
ton calculated the net effect (for Q(r) =1) due to 
the 23 nearest rings at some sites. We used only 
the 17 nearest rings, since a comparison with 
their value indicated that our other approxima- 
tions give a much larger error. The individual 
values of the J’s for the inner rings are given in 
Mott and Littleton. 

(b) The Inner Dipoles—We consider the effect 
of the ions in the ‘‘near’’ shells where (22) no 
longer holds. Here the displacements are given 
by & and the core susceptibility by m;. Their 
contributions follow directly from Eq. (30) and 
are 


(32a) 


— (e/a*)é;I;;, (33a) 


— (m;/a*)I;;. 


and 


(33b) 
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TABLE II. Summary of data for third approximation. 








mi X10+20 
e.s.u. 


17.8 


18.7 
19.4 


m2 X10+20 
e.s.u. 


0.72 


0.75 
0.77 


m3 X10*20 
e.s.u. 


10.6 
10.7 
10.8 


V (cal.) 
104 e.s.u. 


70.57 
72.89 
74.81 


V (assumed) 
104 e.s.u. &1 X10*8 


70 23.5 
75 24.7 
80 25.8 


£2 X10*3 


17.4 
18.2 
18.8 


&3 X10*8 


14.1 
14.3 
14.4 


8 X10-8 cm-! 


0.3311 
0.3405 
0.3489 











(c) The Electron Charge-—Superposed on the 
effects described in (a) and (b) are those of the 
field due to the electron. This is given to a satis- 
factory approximation by 


eQ(ri)/a?(rize&s)? = (€Q(ri)/a’r?)(1F2E:/ri), (34) 


where we adopt a sign convention in which out- 
ward displacements are positive for odd ions but 
negative for even ions. Combining (a), (b), and 
(c), we can calculate EZ; for Eqs. (28) and (29). 

We turn now to describe the method used to 
obtain F,. This term can be obtained from (11) 
by calculating the potential of the inner ions and 
differentiating with respect to the é’s, with due 
regard to the sign convention adopted. This gives 
us for F;: 


F,(100) = (—A/p) exp(—a/p)[éi(2a/p —4) 
+6(2, 0, 0)a/p—2v2E2], (35a) 


F,(1, 1,0) =(—A/p) exp(—a/p) 
X[v2é1+(4—a/p)ée 
+4/(6)4&32/(10)? 

+(1 —2a/p)6(1, 2, 0), 


F(A, 1, 1) — (—A/p) exp(—a/p) 
XL —(6)#2+(2a/p—A4)és 


A is evaluated by requiring that the net force at 
the position of equilibrium be zero. This con- 
sideration gives 


(1.748)e?/a?=(6A/p) exp(—a/p). (36) 


To obtain (35) we have expanded terms of the 
type exp{(1/p)(a+é;)}. A priori, one would ex- 
pect the leading term to be of the type (a/p)é; 
Xexp(—a/p) and the next term of the type 
(a/p)*é? exp(—a/p). The geometry of the lattice 
clearly shows, upon detailed consideration, that 
terms of the order of exp(—a/p) will not appear. 
When one carries through the expansion, how- 
ever, one sees that the next term after (a/p)é; 
Xexp(—a/p) is of the type (a/p)é:6; exp(—a/p). 
Since actual calculations show that the 4’s are 


(35b) 


(35c) 


considerably smaller than the é’s, the second 
term is small enough to be neglected in this 
approximation. The physical reason for the can- 
cellation of terms quadratic in a/pé; is not ob- 
vious. It is associated with the lattice structure , 
and the approximation used. Had higher ap- 
proximations been necessary, the terms of the 
type (a/p)*&é; would have come in, and they 
might well have introduced a larger error. 

We have all the necessary information to be 
able to substitute the appropriate terms into 
Eqs. (28) and (29). In the third approximation 
we thus have six unknowns and six equations. 
Using standard methods,!® we solved these to 
evaluate the é’s and the m’s. Finally,‘to obtain 
the potential at (0, 0,0) we subtract from (25) the 
contributions of the three inner shells and add 


> n,eat;/a’r?, 


¢=1,2,3 


where 7; is the number of particles in the 7th 
shell. 

We have thus developed a method te calculate 
V(0) to the desired approximation once ¢ is 
known. 


IV. THE WAVE FUNCTION 


We now require the wave function for a 
spherically symmetric well given by 
V(r) =V(O) for r<ro, (37) 

V(r)=c/r for r>ro, 


where 


c=(1/Ko—1/k)e. 


Further, we define 7o by the relation ‘ 


c/ro= V(0). 


It would be possible to solve the wave equation 
directly for the potential (37). However, since our 
solution will be only approximate and a series of 


(37a) 


18 R. A. Frazer, W. J. Duncan, and A. R. Collar, Elemen- 
tary Matrices (Cambridge University Press, New York, 
1938), p. 125. 
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TABLE III. Summary of data for first approximation. 








V (assumed) mi X10*% 8 X10-8 V (cal.) 
X10~4es.u. £1 10*3 é€.s.u. cm! X104 e.s.u. 
40 16.1 13.9 0.2572 42.0 
61.4 23.9 20.2 0.3138 52.9 
70 26.5 22.3 0.3311 56.7 











wave functions will be required for variaus trial 

V(0), we decided to use the standard variational 
method.!* We approximated g by the simple, 
normalized, wave function (63/7) exp(—r). We 
desire the best 6 for the potential (37). 

' The energy calculated by this method is the 
optical activation energy,!” that is, the energy to 
excite the trapped electron into the conduction 
band without causing any other effect. The 
energy released by the relaxation of the displace- 
ment dipoles is not included. By the Frank- 
Condon principle, this is the energy required to 
excite the self-trapped electron optically. The 
energy is given by 


Eo= (B°h?/2m) —eV(0) 
X {1—(1+6ro) exp(—26ro)}. (38a) 


The first term gives the kinetic energy of the 
electron, while the second term gives the poten- 
tial energy. 8 is determined in such a way that 
E, has an extreme value. ; 

When a charge induces a displacement on the 
neighboring ions, there are two potential energy 
terms. One arises from the fact that the charge 
finds itself in a potential hole. This is given by 


Radial Distance in Interatomic Units 


Fic. 1. Self-trapped electron’s wave function ‘“y” (de- 
creasing function) and charge distribution “Q”’ (increasing 
function) for NaCl. 


146T, Pauling and E. B. Wilson, Jr., Introduction to 
Quantum Mechanics (McGraw-Hill Book Company, Inc., 
New York, 1935), p. 180. 

17 See N. F. Mott and R. W. Gurney, reference 5, p. 160. 


the second term of Eq. (38a). A second potential 
arises from the work required to displace the 
neighboring charges. If the displacements are 
small, Hooke’s law will hold approximately, and 
it follows that the second term is just half the 
first term. If the trapped electron escapes, due to 
thermal vibrations, the energy stored in the sur- 
rounding dipoles will be released. The thermal 
activation energy is thus Eo plus half the poten- 
tial energy in Eq. (38a) or is given by 


E.= (Bh? /2m) —3eV(0) 
X {1—(1+6ro) exp(—26ro)}. (38b) 


For consideration of thermal equilibrium, we use 
(38b), but for the considerations of the optical 
properties we use (38a). 


V. SUMMARY OF THE CALCULATIONS 


On starting to make this calculation the first 
question one must answer is: To what order of 
approximation should one carry the calculation 
of V(0)? To answer this question, we calculated 
V(0) by four approximations (starting with the 
zeroth), using the wave function corresponding 
to a well depth of 70X10-‘ e.s.u. This value of 
V(0) was selected because a preliminary calcula- 
tion, starting with Pekar’s wave function, indi- 
cated that that depth gives approximately a self- 
consistent solution. The values of a, xo, and «x 
used were 2.81 X10-§ cm, 2.24, and 5.62, respec- 
tively. Table I gives the results. The value of V 
seems to converge rapidly after the second 
approximation. The sudden jump between the 
zeroth and first approximation is due, in part, 
to the use of Eqs. (15) and (16) in place of Eqs. 
(13) and (14). To be on the safe side, we carried 
the problem to the third. However, a great deal 
of labor would have been saved with little loss 
in accuracy had we used only the second approxi- 
mation. The variations in the value of the é’s 
which are larger than those in V(0)’s are of no 
importance for the problem at hand. Table II 
summarizes our calculations. This table contains 
three (assumed) values of V(0), the calculated 
values of 8, the é’s, the m’s, and the (computed) 
V(0). From these values we obtained the self- 
consistent solution by plotting the difference 
between the two types of V’s and the assumed V. 
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The final values are: 


V(0) =71.210— e.s.u., 
B=0.331 108 cm—, 
E y= —0.68 ev 
E,.=—0.13 ev. 


In Fig. 1 the final wave function g and Q(r) are 
plotted against 7 in interatomic units. Table III 
summarizes a similar calculation, but here only 
the £, and m, of the (1, 0, 0) ion are assumed un- 
known. In other words, this is the first approxi- 
mation. The self-consistent values here are 


V(0) =44.7 X10~ e.s.u., 
B=0.27 X10 cm™, 
Ey= —0.56 ev, 
:= —0.14 ev. 


(First approximation) 


It is difficult to estimate the relative errors 
introduced due to the various approximations 
made. One may check roughly the method used 
to find B from V(0) by comparing our wave func- 
tion with Pekar’s, for the same depth of the 
potential hole. He also used the variational pro- 
cedure. However, he had two parameters instead 
of one, his function being of the form 


A(1+6r+yr’*) exp(—8r), 


in which A is a normalizing factor. In his poten- 
tial there is no abrupt cut-off like ours. For com- 
parison we have plotted in Fig. 2 his Q(r) against 
r for a free electron mass and the Q(r) obtained 
by our method for V(0)=20.3X10~‘ e.s.u., the 
value of V(0) he obtained. Pekar notes that y 
does not affect his results appreciably, and con- 
cludes that his method is quite accurate. Fur- 
ther, Pekar’s Eo is 0.32 ev, while the value ob- 
tained by our approximation is 0.35 ev. There 
are, however, undoubtedly other errors in our 
method such as the use of Eq. (15) and (16) in 
place of (13) and (14), and one would hardly 
expect agreement with experimental results to 
higher accuracy than 25 percent. Actually, our 
results may be somewhat less accurate. 


VI. CONCLUSION 


We may now examine some of the conclusions 
that may be inferred from the calculated values 
of E, and £p. First let us examine the life-time of 
a self-trapped electron. Its magnitude is given 


ENERGY 






































Z 3 E E r 
Radial Distance in Interatomic Units 


Fic. 2. Comparisons of Q(r) obtained from Pekar’s 
wave function, with that derived in this paper. 


approximately by 
10-” exp(E,/kT ) sec. 


This yields a value of 10—” sec. for room tempera- 
ture (kT =1/40 ev). The self-trapped electron 
will have a very short lifetime even at the boiling 
point of oxygen (90°K), namely, about 10-5 sec. 
This means that if an electron were trapped it 
could not be observed unless one worked at very 
low temperatures. 

In an actual crystal, there are processes which 
compete with self-trapping, in particular the 
trapping of an electron in a vacant lattice site. 
We would like to know the differences between 
the energies involved in trapping an electron by 
the de Boer and Landau mechanisms. Let us 
consider the energy required to absorb a free 
sodium atom into the crystal, during which 
process the atom becomes an ion, and the extra 
electron gets trapped. This energy has been calcu- 
lated for the de Boer process by Gurney and 
Mott!’ and is +0.23 ev. Let us now calculate this 
energy for a mechanism in which the positive ion 
is assumed to go into an interstitial position and 
the electron becomes self-trapped. We proceed 
as follows: 

1. We ionize the free sodium atom; the neces- 
sary work is J, the ionization potential of sodium, 
namely 5.11 ev. 

2. Next we place the electron into the conduc- 
tion band; the energy E, required to do this has 
been calculated by Mott!*® who obtains a value 
of —0.53 ev. 


18 R, W. Gurney and N. F. Mott, Trans. Faraday Soc. 
34, 506 (1938); also ref. 12, p. 144. 

19N. F. Mott, Trans. Faraday Soc. 34, 500 (1938); also 
reference 13, p. 95. 
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3. The free sodium ion is placed in an inter- 
stitial site (4, 4, 4). This process takes —1.71 ev. 

4. Finally, we assume that the electron is 
trapped thermally, so that it gains 0.13 ev. Thus 
it takes + 2.74 ev to form an F center by Landau’s 
-hypothesis, compared to 0.23 ev on the de Boer 
picture. 

We may conclude that very few self-trapped 
electrons are formed during usual experimental 
procedures, and those trapped have a very short 
life. While some of the values used above and by 
Gurney and Mott may be questioned, there is 
little doubt that these calculations give values 
to an order of magnitude, and that the qualita- 
tive picture is correct. 

One may wonder if self-trapping might be 
observed under reasonably static conditions in 
any crystal. In the zeroth approximation the 
quantity which determines the depth of the hole 
is primarily (1/x)—1/x). Further, in Pekar’s 
treatment of this approximation the square of 
this is the only quantity which characterizes the 
crystal behavior provided it is assumed that the 
effective electron mass is about the same as the 
free value. Thus (1/xo—1/x) provides a rough 
measure of the relative ability of a crystal to trap 
an electron. We conclude that of the common 
ionic crystals LiF will have the largest energy 
for self-trapping, since (1/xo—1/x) is largest for 
it. The value for LiF is 0.41 compared to the 
value 0.27 for NaCl. If the energy parameters 
increase as the square of this quantity, we would 
expect Ey to be about 1.6 ev and E; about 0.3 ev. 
This second value means that the lifetime at the 
boiling point of oxygen is about 105° sec. More- 
over the relatively large value of Eo implies that 
Landau trapping could be observed in LiF with 
a relatively simple spectrograph if not visually. 
One would expect the nature of the absorption 
bands produced in LiF, when irradiated by 
x-ray, to be strongly temperature dependent in 
the neighborhood of 100°K. Of course, one would 
have to be careful to separate this effect from 
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that caused by other trapping centers, which have 
their characteristic temperature dependence. 

Little is known at present about the cross 
section for the process of self-trapping. Experi- 
mental studies of the capture of electrons by 
halogen ion vacancies in the formation of F 
centers, and of the capture of electrons by F 
centers in the formation of F’ centers, show that 
the cross section for these processes is of the 
order of 10~'5 cm*. The experimental evidence 
concerning the formation of F centers also indi- 
cates that the initial trapping step which deter- 
mines the magnitude of the trapping cross section 
rests on the transfer of energy from the electron 
to the lattice presumably by excitation of che 
polarization modes of vibration. This result 
strongly suggests that the cross section for self- 
trapping may also be of the order of 10-5 cm’. 

It should be pointed out that the electron need 
not be trapped about a sodium ion, although our 
calculations have been based on this premise. 
Undoubtedly there will be small variations in the 
trapping energy, depending upon the site which 
is chosen for the center of the trapping polariza- 
tion. Since we have found that the trapped elec- 
tron is distributed over a very large volume of 
the crystal, it seems reasonable to suppose that 
the trapping energy is relatively insensitive to 
the center chosen. This conclusion also suggests 
that the self-trapped electron may require only 
a small activation energy to move from one site 
to another. In other words, it is possible that at 
any but the very lowest temperatures the trapped 
electron may diffuse through the crystal with a 
velocity approaching sonic velocity. In this case, 
self-trapped electrons would find other trapping 
sites, such as halogen ion vacancies, in a time of 
the order of 10-8 sec. for normal densities of the 
latter. 

The authors would like to thank Clinton 
Laboratories of Oak Ridge, Tennessee, for the 
opportunity of starting this research while taking 
part in their training program. 
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A precision determination of the ratio of the magnetic moments of neutron and proton is 
presented. The method consists in determining the Larmor precession frequencies of neutrons 
and protons simultaneously in the same extremely homogeneous magnetic field. In this manner 
the ratio of the two Larmor frequencies gives directly the ratio of the two magnetic moments. 
The precession frequency of the neutrons is obtained by the occurrence of non-adiabatic 
transitions of a polarized neutron beam, the precession frequency of the protons by nuclear 
induction. Measurements are made so that only small differences in frequency have to be 
measured in terms of a constant but otherwise unknown standard. The value of the ratio of the 
two moments is found-to be |u| /up=0.685001 +0.00003. By use of this value in connection 
with the recent determination of the ratio of the moments of proton and deuteron by Bloch, 
Levinthal, and Packard, the deviation of the deuteron moment from additivity is found to be 


0.02230+0.00009 nuclear magnetons. 





INTRODUCTION 


MONG the moments of atomic nuclei, those 

of the elementary constituents, the proton 

and the neutron, are of central significance. Their 

values are not only basic in order to discuss the 

moments of more complex nuclear structures, but 

they are also of greatest interest in themselves in 

view of their bearing upon the constitution of 
fundamental particles. 

As a most important first step towards the 
knowledge of these elementary moments, Stern 
and his collaborators have shown that the mag- 
netic moment yp of the proton! is about 2.5 times 
larger than the nuclear magneton, un=(m/M)up, 
defined through the Bohr magneton us and the 
mass ratio m/M of electron and proton. From a 
later measurement of the magnetic moment up 
of the deuteron? and the assumption of the 
simple law of additivity, up =uv+up, they have 
also been led to the conclusion that the neutron 
has a finite and negative moment py of about 2 
nuclear magnetons. Both results are equally sig- 
nificant since they indicate that neither the 
proton nor the neutron is adequately described 
through the relativistic wave equation of Dirac, 
which explains the magnetic moment of the 
electron but would lead here to the wrong values 


* Assisted by the Joint Program of the Office of Naval 
Research and the Atomic Energy Commission. 

1R, Frisch and O. Stern, Zeits. f. Physik 85, 4 (1933). 

21, Estermann and O. Stern, Zeits. f. Physik 85, 17 
(1933); Phys. Rev. 45, 665 (1934). 


Mp=Ln, un =0. The ingenious new methods of 
Rabi and his collaborators have subsequently 
led to the far more accurate value 


up = (2.7928+0.0008) uy (1)** 


for the magnetic moment of the proton.’ 

The direct proof that the free neutron possesses 
a magnetic moment has originated from the 
effect of magnetic scattering. The interaction of 
the neutron moment with the atomic moments 
in a ferromagnetic substance causes polarization 
of an originally unpolarized neutron beam and, 
as one of its consequences, an increase of the 
transmission upon magnetization of the sub- 
stance. While this change in single transmission 
has been actually demonstrated,® it was not pos- 
sible to infer from the measurement more than 
the expected order of magnitude of the neutron 
moment since the effect depends not only upon 
the neutron but also upon various complicating 
features of the scattering substance. 

The quantitative determination of the neutron 
moment requires, besides the polarization of 
neutron beams, another independent principle 
which is closely related to the one first described 


** This value differs from the originally given value 
2.7896 by the factor (1+a/27), as a result of a recent 
radiative correction for the magnetic moment of the elec- 
tron. (See Section V.) 

3S. Millman and P. Kusch, Phys. Rev. 60, 91 (1941). 

4F. Bloch, Phys. Rev. 50, 259 (1936). 

5 P. N. Powers, H. Beyer, and J. R. Dunning, Phys. Rev. 
51, 371 (1937). 
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by Rabi® as a means for the sign determination 
of nuclear moments and which was simul- 
taneously conceived by Gorter and one of us 
(F.B.). It is based upon ‘the resonance of a 
rotating or oscillating magnetic field with the 
Larmor frequency of the nucleat moment in a 
constant field at right angles. The initial use of 
this magnetic resonance method has been made 
by Rabi and his collaborators’ in their famous 
experiments on molecular and atomic beams. 
Alvarez and Bloch® have succeeded in applying 
the method to the neutron. In their experi- 
mental arrangement a beam of thermal neutrons 
passes through a polarizing and analyzing plate 
of magnetized iron. Between these two plates the 
neutrons are exposed to a magnetic field which 
has a constant component H and at right angles 
to it an oscillating component with circular fre- 
quency w and amplitude H;. Under resonance 
conditions, there occurs in -this field a reorien- 
tation of the neutron moments and thus a 
partial depolarization of the beam. Consequently, 
the total transmission through the analyzer is 
lowered so that resonance depolarization mani- 


fests itself by a drop in the transmitted intensity 
detected as one passes through resonance. From 
the measured value Hy of the constant field at 
which resonance is observed and the frequency 
w of the oscillating field, one obtains 


LUN @ 

ae (2) 

hIn Ay 
for the gyromagnetic ratio yy, defined as the 
magnetic moment of the neutron uy, divided by 
its angular momentum A#Jy. Assuming the spin 
of the neutron to be Jy =3, the absolute value of 
the neutron moment was determined to be 


| uw | =(1.93+0.02) pro. (3) 


The fact that the sign of the neutron moment is 
actually negative has been shown in an earlier 
experiment of Powers.® 

The limitation in accuracy of the result (3) 
was due to two major causes. In the first place 
the depolarization effects, although clearly 
established, were rather small. The largest ob- 

61. I. Rabi, Phys. Rev. 51, 652 (1937). 

7 Rabi, Zacharias, Millman, and Kusch, Phys. Rev. 55, 
526 (1939). 


8 L. W. Alvarez and F. Bloch, Phys. Rev. 57, 111 (1940). 
®P, N, Powers, Phys. Rev. 54, 827 (1938). 
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served drop of intensity amounted to about only 
1.5 percent, so that the location of the exact 
resonance condition was only possible to within 
the width of the resonance line. A higher per- 
centage accuracy could have been obtained with 
the same line width by carrying out the experi- 
ment at larger values of the constant field Ho 
than those of about 600 gauss, which were 
actually used. This, however, would not have 
eliminated the second comparable error, origi- 
nating in the determination of the resonance 
value of Hy. Although this field was determined 
by two independent procedures, one using flip 
coils directly, the other based upon a comparison 
with the field of a proton accelerating cyclotron, 
the consistency and accuracy of these two 
methods did not exceed 3 percent. 

A vast improvement of the experimental con- 
ditions has been made possible through our 
recent work. To a large extent, the two pre- 
viously mentioned handicaps were eliminated, 
and thereby a far more accurate determination 
of the neutron moment has been achieved. The 
experiments have been extended over a con- 
siderable period, although preliminary results 
were obtained at an early stage and could easily 
have been trusted to within 0.1 percent. The 
indispensable part of a precision measurement 
which consists in the examination of detailed 
features required a more time-consuming effort 
which, however, seemed well justified in view of 
the importance of obtaining a reliable result of 
the highest accuracy compatible with the experi- 
mental conditions. 


Il. METHOD 


With the principle of our method, to observe 
resonance depolarization of a collimated neutron 
beam between the polarizer and analyzer, being 
the same as in the experiment of Alvarez and 
Bloch,® we shall restrict ourselves to the descrip- 
tion of those features which represent essential 
innovations. 

An important improvement of the experi- 
mental.conditions has been achieved by a very 
close approach to magnetic saturation in the 
polarizing and analyzing plates of iron. Our 
previous investigations!® of the transmission 

10F, Bloch, M. Hamermesh, and H. Staub, Phys. Rev. 


64, 47 (1943); F. Bloch, R. I. Condit, and H, H. Staub, 
Phys. Rev. 70, 972 (1946). 














effect caused by magnetic scattering have shown 
that saturation to within less than 0.1 percent is 
necessary in order to approach the full effect in 
a single plate of hot-rolled steel of 3.8-cm thick- 
ness. By the use of strong magnetizing fields of 
the order of 10,000 gauss, we were able to observe 
an increase of the transmission by magnetization 
of as much as 22 percent, while the largest effects 
observed before did not exceed 6 percent. The 
dependence of the effect upon saturation was 
found to be in full agreement with the theory of 
Halpern and Holstein, who investigated the 
influence of magnetic deviations from the field 
direction as a result of the microcrystalline 
structure. They have shown that such devia- 
tions, even if they are small, can cause an appre- 
ciable depolarization of the neutrons in the steel 
and thereby result in a reduction of the single 
transmission effect; besides, they have pointed 
out that this reduction must become even more 
pronounced if one deals with double transmis- 
sion, as in our arrangement, where the combined 
result of the passage through polarizer and 
analyzer is observed. 

This can best be seen by expressing the ob- 
served effect for double transmission in terms of 
likewise observable single transmission effects: 
Let fo(v)dv be the number of neutrons with ve- 
locity between v and v+dv which are recorded 
in the detection chamber per unit time after 
having passed through the polarizer and analyzer 
plate, if both are unmagnetized. This number 
will be increased by a different characteristic 
factor C(v) if either or both of the two plates are 
magnetized without any change of orientation of 
the neutrons occurring between them, and one 
has to consider the following cases: 


(a) Polarizer and analyzer both magnetized; 
C(v) = Cp(v). 

(b) Polarizer magnetized; analyzer unmag- 
netized ; C(v) = Cp(v). 

(c) Analyzer magnetized; polarizer unmag- 
netized ; C(v) = Ca(v). 


Assuming the spin of the neutron to be 3, we 
shall now consider the case that there exists a 
finite probability P(v) for a neutron of velocity 
v to change its orientation between polarizer and 
analyzer. The total recorded intensity can then 


11 Q, Halpern and T, Holstein, Phys. Rev, 59, 960 (1941). 
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be expressed in the form 
I= f fol(1—2P)Co+2PCrCaldv, (4) 


where fo, Cp, Cp, Ca, and P are all functions of 
the velocity. The proof of this formula requires 
merely that the recorded neutrons have not 
changed their velocity in their passage through 
the apparatus, and that the steel plates of the 
polarizer and analyzer are sufficiently thick so 
that an originally polarized beam of neutrons 
would emerge completely depolarized upon 
passage through the unmagnetized plates. Both 
conditions are certainly well satisfied under our 
experimental conditions. Let the recorded inten- 
sities corresponding to the three cases a, b, and c 
previously mentioned be 


— f foCodo, (5a) 

inn f foCodv, (5b) 

law f foCade, (5c) 
and, furthermore, let 


represent the intensity if polarizer and analyzer 
are both unmagnetized. Then we shall define the 
observable effect Er resulting from transitions as 


fidco- C4Cp)Pdv 
—2 


f foCodo 


The case where one has complete depolariza- 
tion for all neutron velocities, i.e., where P(v) =3, 
is of special practical interest. To obtain here a 
simple form for Ey, one must consider that for 
normal thickness of polarizer and analyzer the 
factors C4 and Cp will differ only little from unity 
so that the product (C4a—1)(Cp—1) can safely 
be neglected. With this simplification expression 
(7) becomes 


I—Ip 
Ip 








Er= (7) 


r= 


7 [Ep—(Es+Ep) ] 
1+ Ep 





(8) 
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Ip—TIo 
Ep= ’ 


Io 
Ip—TIp 
Ep= aay (9b) 
Io 


Is—Tpo 
A= 
Io 


(9a) 


(9c) 


measure the relative increase of intensity upon 
magnetization, corresponding to the three pre- 
viously mentioned cases. It is thus possible, in 
the case of complete depolarization, to compare 
directly the effect Er* with the independently 
observable transmission effects (9). 

The importance of having polarizer and 
analyzer very close to magnetic saturation can 
be seen directly from (8). It follows from the 
theory of Halpern and Holstein," and has been 
verified in our previous investigations, that the 
transmission effect for insufficient saturation is 
essentially proportional to the total thickness of 
the traversed magnetized iron. Thus, with da 
and dp for the thicknesses of analyzer and 
polarizer, respectively, one has E4~da, Ep~dp, 
and Ep~(dsa+dp), so that the transition effect 
(8) vanishes in this approximation and will be 
greatly reduced as long as the experimental con- 
ditions are close to this limit. The fact that 
Alvarez and Bloch’ with a transmission effect Ep 
of 6 percent observed values of Er which did not 
exceed 1.5 percent can be quantitatively as- 
cribed to this circumstance. 

The maximum value for E7* is obtained at 
complete saturation, where one has for normal 
thicknesses E,~d4?, Ep~dp*, and Ep~(da+dp)’, 
and, therefore, for d4 =dp 


1 Ep 
2(1+Ep) 


Actually, this formula for complete saturation is 
valid even for large thicknesses, where the 
previously made assumptions do not hold. One 
has then for d4=dp=d, C4=Cp=coshdK and 
Cp =cosh2dK, where K=K(v) is a function of 
the neutron velocity. Also, Cp—CaCp=(1/2) 
X(cosh2dK —1), so that for P(v)=}, and with 
the definitions (5a) and (9a), one obtains (10) 
directly from the general expression (7). 


Pio 


(10) 


It is essential, for a quantitative investigation 
of neutron resonances, not only to consider the 
limiting case of complete depolarization, but also 
to have an insight into the more general situation 
which one meets in tracing out a complete reso- 
nance curve and, hence, to have a theory of the 
expected line shape which must be tested experi- 
mentally. A completely general theory of the line 
shape, which involves the detailed actual 
geometry of the field in which the transitions 
occur, meets with considerable mathematical 
difficulties. It is sufficient, however, to base the 
discussion upon a simple geometry which could 
be used in principle, and which, in practice, 
closely describes the actual conditions of our 
experiment. 

Disregarding the inevitable slight deviations 
from homogeneity, we shall consider the constant 
field Hy as homogeneous over the distance /] of 
the path where the neutrons are exposed to the 
oscillating field, and we shall furthermore assume 
that the oscillating field has a single component 
at right angles to Ho, with an amplitude H; which 
is constant within and zero outside of J. We 
consider thus the transitions of the neutrons in 
a field, given by 


(11) 


With the gyromagnetic ratio yy for neutrons, and 
using 


H,=H; coswt, H,=0, H,=Hio. 


A=w0—yvHy (12) 


for the deviation of the applied circular fre- 
quency from the resonance value yyHo, one 
obtains® for the transition probability of neutrons 
with velocity v 


l 
sint(—(r"+9) 
2v 





Pls) = 
an 


where the frequency 


ynH 
r= : : (14) 


is assumed to be small compared to the resonance 
frequency ywH (i.e., Hi<Ho), so that the oscil- 
lating field can be replaced by an effective rotat- 
ing field of magnitude H,/2.” 


2 F, Bloch and A. Siegert, Phys. Rev. 57, 522 (1940). 
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Substituting (13) into the general expression 
(7) for the transition effect, one obtains 


F499 
[1+(4/T)?][1+ Ep] 





where 


2 [ folCo- CaCp) sin?(lé/2v)dv 





F(t) = (16) 


f fodv 


This function can evidently not be evaluated 
without knowledge of fo, Cp, Ca, and Cp in their 
dependence upon the neutron velocity v. It is 
possible, however, to determine the function 
experimentally by measuring the dependence of 
the transition effect at resonance upon I, or 
through (14) its dependence upon the amplitude 
H, of the oscillating field, since for A=0 one has 
Er=—F(T)/(1+£p). Equation (15) then allows 
one to obtain the transition effect Er in its 
dependence upon A. Denoting by F)(IT) the 
function F at resonance, one obtains 


” Fo((T'?+A?)!) 
[1+(4/P)?][1+Ep] 


which predicts the shape of the resonance line 
for fixed amplitude of the oscillating field and 
for varying deviation A of its frequency from 
resonance. , 

It is seen from (15) and (16) that the simple 
shape of a resonance line with Er~1/[1+ (A/T)? ] 
can be expected only for large values of the 
oscillating field. Denoting by i an average ve- 
locity of the neutrons, the term sin?(/é/2v) in (16) 
will become rapidly varying and can be replaced 
by its average value 3 if 





E,(A, T)= (17) 


oe nH 1 a) 

>—. 

l 

The characteristic value of [=7zi// is that for 
which the neutrons of velocity # will with cer- 
tainty, according to (13), undergo a transition at 
resonance. With the condition (18) being satisfied 
one has : 


f fo(Co — CaCr)dv 


fos 


Ps (18) 





F (19) 


independently of A and I, and 
E7* 
E;,=————__, 
1+ (A/T)? 


where £7* is the effect observed for complete 
depolarization of the beam between polarizer and 
analyzer, which has been previously discussed. 

It must be remarked, however, that the con- 
dition (18), which leads to the simple line shape 
(20), is not conducive to a good determination 
of the resonance frequency, since large values of 
H, or T lead at the same time to unnecessarily 
broad resonance lines. The extreme opposite case 
'<ri/l, although it would lead to very sharp 
lines, is likewise unfavorable since it would also 
lead to an appreciable reduction of the resonance 
effect and consequently to difficulty in its obser- 
vation. The optimum condition is obtained for 
values of H; in the neighborhood of 


(20) 


2 2nd 
Ay =—T= at eat 
YN nl 


(21) 


where, according to (13), 
_ sin?((w/2)(1+(4/T)?)#) 
§) = 
1+ (A/T)? 


so that a neutron with the average velocity 6 
will, with certainty, undergo a transition at 
resonance, where A=0. For this case the analysis 
of the line shape cannot be carried out with the 
assumption of a constant F, but requires the use 
of the more refined formula (15). 

The gyromagnetic ratio yw of the neutron is 
measured by determining the resonance value w* 
of the circular frequency w for which A=0, so 
that from (12) 





w* 
aaah aig 


Ho 


(23) 


and it is worth while to obtain an estimate for the 
accuracy to be expected in ascertaining the 
resonance value w*. Assuming that the resonance 
is established merely within the half-width of the 
line, which is of the order of 2F in frequency 
scale, a measure of the relative accuracy is 
a=2T/w* and one has 


d 


ly* 


a= (24) 
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for the optimum value of I given by (21) and 
where vy* =w*/2z is the neutron resonance fre- 
quency. Using as characteristic figures for our 
experimental conditions = 2X 10° cm/sec., 1=10 
cm, and vy*=3 X10" sec.—!, one obtains from 
(24) a=6.7X10-. The accuracy of a crude 
experiment without any analysis of the line 
shape would indeed be essentially limited by this 
number. It is clear, on the other hand, that such 
an analysis is necessary in a precision measure- 
ment ; its completion has allowed us, at the same 
time, to improve appreciably upon the pre- 
viously mentioned accuracy. 

Before entering into a discussion of the finer 
features caused. by the deviations of the actual 
geometry from the one which has led to (15), we 
shall give a qualitative derivation of the function 
F(é), defined through (16). It is based upon a 
simple assumptions that the velocity distribution 
fo(v) of the neutrons has the quasi-Maxwellian 
form fo(v) = Av” exp(—v?), and that the factor 
(Cp—CaCp) can be considered within the im- 
portant velocity range to be independent of the 
velocity. It is particularly this last simplification 
which is certainly no more than qualitatively 
justified. With these assumptions one obtains 
from (16) 


F(é) = — (1+ Ep) Er*¢,(1é(6)*), 


r x 
f u” exp(—u)(1 ~cos~ )d 
0 | u 


(25) 


where 





n(x) = (26) 


f u” exp(—u?)du 
0 


The appearance in (25) of the factor E7*, 
representing the transition effect for complete 
depolarization, arises from the fact that gn 
approaches unity for large values of its argu- 
ment, and that for A=0 and large values of I, 
the expression (15) becomes E7r=Ez*. 

The function ¢,(x«) has been computed for 2 = 2 
and m=3. The corresponding curves, showing the 
dependence of Er on My, are plotted in Fig. 10, 
together with the experimental ‘results. The 
curves were obtained from ¢2 and ¢3 by a suitable 
choice of the scale parameters 6 and E7*. They 
show essentially the same characteristic behavior, 
i.e., a quadratic dependence for very small values 
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of the argument followed by a rather large 
interval, in which they are almost linear with x; 
an outspoken maximum is reached with ¢2=1.46 
for x=3.3 and ¢3=1.54 for x=3.8, followed 
finally by a strongly damped oscillation around 
the asymptotic value ¢=1. The fact that the 
experimental results show the characteristic 
features of the calculated functions is most 
gratifying; the complete fit within the experi- 
mental error, obtained particularly for n=3, 
must, however, be considered as accidental. It 
shall be remarked that a Fourier transformation 
of (16) allows one, in principle, to determine the 
velocity dependence of fo(Cp—CaCp) in the 
integrand of (16) from the experimentally deter- 
mined function F(£). It seemed more convenient, 
however, to follow the opposite procedure, i.e., 
to show that a not unreasonable assumption 
about the velocity dependence leads to a suf- 
ficient agreement with the experiment. 

While the preceding analysis offers the essen- 
tial features which enter in a discussion of the 
magnitude of the effect and of the line shape, it 
is not sufficiently rigorous to be used as a 
perfect guide for the establishment of the reso- 
nance frequency. Deviations of the actual field 
in which the transitions occur from the form 
assumed in (11) require certain corrections which 
have to be considered. 

A first correction arises if Hi, the amplitude 
of H,, although constant in time is not constant 
in space so that, dependent upon its velocity, a 
neutron is exposed to a field with a time-de- 
pendent amplitude of its x component. It is, of 
course, possible in this case to obtain the transi- 
tion probability P(v) through a numerical inte- 
gration by inserting the measured local variation 
of H;, but it cannot be expected, in general, to 
be of any simple form. One can show, however, 
that the formulae (13) and (15) still remain valid 
in the special case of resonance (A=0) if the 
quantity H,/ is replaced by /o'Hidx. A simple 
and, for practical purposes, sufficient correction 
for the case A¥0 can be obtained by replacing H; 
by its average value and correspondingly by 
writing 

vv c' 
T=— 1 10x 
21 J 


in place of (14). Apart from these minor cor- 
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rections the expression (15) will not be essentially 
invalidated by the spatial variation of H;. Par- 
ticularly, the important feature that the line is 
symmetrical around the resonance value A=0 
can be seen to be unaffected by this variation. 

A more serious correction arises if the assump- 
tion of a vanishing y component of the oscillating 
field made in (11) is not satisfied, and particu- 
larly if this component shows likewise a spatial 
variation. Writing generally, 


H, =H; cos(wi+ 51), i, =H, cos(wt+ dz), 
H,=Hog. 


(27) 


Hence, both H; and H2 must be considered, for a 
neutron with given velocity, to be functions of 
time. The phases 6; and 62 might differ as a 
result of energy-dissipating elements. However, 
the high Q value of our coil arrangement (Q~100) 
justifies the assumption of equal phases. The 
effect of the field (27) upon a moving neutron 
can then be expressed by the modification of 


(11), 


H,'=Hy coswt, H,’'=0, 


(28) 


where H,’=(H??+H.?)!, and @=arctan(H2/H;). 
The time derivative of @ in (28) is to be taken in 
a system moving with the neutron. It appears 
with the — or + sign, depending upon whether 
the sense of rotation of the Larmor precession 


which the neutron moment performs in the 


field Ho is the same or opposite to that corre- 
sponding to a positive variation of 8. 

The effect caused by the variation of @ is seen 
to be the same as that caused by an additional 
field in the z direction superimposed upon HA. 
As long as 6 can be considered as a linear function 
of the time, it causes the resonance curve to be 
shifted by the amount d@/dt in frequency, thereby 
causing an error in the determination of the 
resonance value. A non-linear variation, on the 
other hand, has the same effect as an inhomo- 
geneity of the field Ho, since both will manifest 
themselves in the frame of reference of the 
neutron as a time variation of the effective z 
component H,’. 

It is clear that such an inhomogeneity will, in 
general; destroy the symmetry of the resonance 


MAGNETIC MOMENT OF THE NEUTRON 








1031 





curve around any point. As far as the field Hp is 
concerned it is important to reduce the actual 
inhomogeneity as much as possible by careful 
shimming, both for minimizing this undesirable 
asymmetry and also in view of improving the 
total accuracy of the measurement. In order to 
eliminate any possible error attributable to the 
variation of @, it is essential to observe that it 
appears in (28) with the opposite sign upon 
reversal of the field Ho, and thereby upon reversal 
of the sense of rotation in which the neutron 
precession occurs. By observing the transition 
effect twice, i.e., leaving the magnitude of Ho 
unchanged but reversing its polarity, any falsi- 
fying shift of the resonance curve, as well as its 
asymmetry due to this cause is thus avoided. It 
should be remarked that similar to the feature 
used by Millman to determine the sign of 
nuclear moments, the sign of the neutron 
moment can be ascertained from the direction 
in which an observable shift of the resonance 
curve takes place upon reversing the polarity of 
Ho. 

By applying the previous considerations to a 
sufficient set of experimental data it is possible 
to establish the resonance value w* of the applied 
frequency well within the width of the resonance 
line and, hence, to determine with high-accuracy 
the gyromagnetic ratio yy of the neutron from 
(23) in terms of the field Ho. The conventional 
methods of determining this field are, however, 
inadequate to obtain a precision which appre- 
ciably exceeds the order of one percent. It was, 
in fact, this circumstance which limited to a 


. large extent the accuracy of the original result 


obtained by Alvarez and Bloch. 

The method of nuclear induction is ideally 
suited to overcome this limitation in the measure- 
ment of the neutron moment. As pointed out in 
the original paper, it was indeed the search for 
a suitable method of field comparison which led 
to the thought of nuclear induction, and prepara- 
tions to apply it to the determination of the 
neutron moment were announced at the same 
time. 

The essential improvement over the earlier 
methods of determining the field lies in the 
direct comparison of the conditions for reso- 


18S, Millman, Phys. Rev. 55, 628 (1939). 
4-F, Bloch, Phys. Rev. 70, 460 (1946). 
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Fic. 1. Experimental arrangement. 


nance observed simultaneously for neutrons and 
protons. By placing a sample containing protons 
into the same field Hp in which the neutron 
transitions occur and by observing the proton 
resonance frequency vp=wp/2m through nuclear 
induction, one obtains in analogy to (23) for the 
gyromagnetic ratio of the proton 


ve (29) 
1 
P A 


and, therefore, by division of (23) and (29) 


yn w* vy* 


rite SN, (30) 


YP WP Vp 


The determination of the gyromagnetic ratio of 
the neutron in terms of that of the proton is thus 
immediately obtained by a measurement of the 
ratio of two resonance frequencies vy* and yp 
which can be carried out with high accuracy. 

The actual value of Hp does not enter at all in 
this determination. In fact, a stabilizing device 
was used in our experiment which held Hp con- 
stantly at the value required for proton resonance 
so that the condition (29) was constantly and 
automatically fulfilled while establishing the 
neutron resonance (see below). 


Ill. APPARATUS .- 


Figure 1 shows the arrangement of the ap- 
paratus used in our present measurements. 
Thermalized neutrons emerge from a 23” X23” 


hole in a block of paraffin surrounding the target 
of the cyclotron. They are collimated by a 2” x2” 
opening in the 9” thick hydrogenous wall in 
front of the target and enter and leave the 
polarizing magnet through cadmium channels 
52” long with openings 13’’ X2’’. These channels 
sit directly in front and in back of the polarizing 
iron plate. After passing through the polarizer, 
the neutrons enter the gap of the magnet for the 
constant precession field Ho. A copper box con- 
taining the coil for the radiofrequency field is 
located between the poles of this magnet. The 
neutrons enter and leave this box through 
copper windows of 5-mil thickness which, as 
experiments showed, have no noticeable effect 
on the state of the polarization. Front and back 
of the box are covered with cadmium diaphragms 
with ?’’X1}” openings, which prevent passage 
of the neutrons very close to the windings of the 
radiofrequency coil. While in the arrangement of 
Alvarez and Bloch the radiofrequency coil was a 
long solenoid with its axis perpendicular to the 
neutron beam, we used a shorter coil surrounding 
the beam. This choice results in a less homo- 
geneous radiofrequency field, but it has the great 
advantage of avoiding neutron absorption in the 
coil windings. The axis of the precession field 
magnet is 213” from the axes of both the polarizer 
and analyzer. The neutrons enter and leave the 
analyzer through an arrangement of cadmium 
channels similar to the one used for the polarizer. 
Finally, the neutrons enter the detector, located 
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magnet. The detector for the present measure- 
ment was identical with the one used in the 
previous work of Bloch, Condit, and Staub,! 
except that enriched boron trifluoride, containing 
96 percent Bio, furnished by the Atomic Energy 
Commission, was used. This filling resulted in 
an increase in counting efficiency from about 20 
to 70 percent for thermal neutrons (2200 m/sec.). 
The detector is, therefore, not shallow for most 
polarized neutrons. It was imbedded in a large 
block of paraffin surrounded by oil-filled cans. 
A shield of 3” of boron carbide and cadmium 
enveloped the detector with the exception of an 
opening of 2-in. diameter at the front face. 

With the two blocks of iron, each 1.9 cm 
thick, in the gaps of polarizing and analyzing 
magnet, the cadmium ratio of the recorded 
neutron beam was about 4. This ratio was 
regularly measured by placing a piece of cad- 
mium sheet, 1/64” thick and just slightly larger 
than the cross section of the beam, over the 
opening of the exit diaphragm of the radio 
frequency coil box. 

A neutron beam monitor, using an integrating 
boron trifluoride chamber and a circuit described 
earlier,> was employed to change the conditions 
of the experiment in intervals of equal numbers 
of primary slow neutrons. The monitor chamber 
was located as close as possible to the region where 
the neutron beam originated, and the chamber 
was operated at a collecting potential of 5000 
v. Checks showed only a very slight dependence 
of the monitor performance on variations in 
the position of the target spot as caused by 
changes in the deflecting voltage or resonance 
condition of the cyclotron. Saturation of the 
ionization current was quite high. For a change 
in deuteron beam intensity from 5 to 15y amp., 
the number of counts per monitor interval 
increased by only 7 percent. All final measure- 
ments were taken with a beam current of 7u 
amp., and this current was carefully kept as 
constant as possible. 

The pulses of the detector were fed into a 
conventional amplifier, discriminator, and scale 
of 16, from which the output pulses alternately 
operated one of two different registers during 
each monitor interval. 


16 EF, Fryer and H. Staub, Rev. Sci. Inst. 13, 187 (1942). 
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The magnets for polarizer and analyzer are 
identical. One of them had been previously used 
for the measurements of polarization effects. 
The plane pole faces of these magnets have an 
area of 2’’X3” tapered down by a 60° angle 
from pole pieces of 6-in. diameter. The gap is 
13” wide. The polarizing and analyzing blocks 
consisted, as in the previous work, of hot-rolled 
steel 13’’X2” and 2” thick in the direction of 
the neutron beam. For all the present experi- 
ments the magnets were operated at a mag- 
netizing current which produces a field of 11,900 
gauss. The direction of magnetization was always 
the same for polarizing, analyzing, and precession 
field magnet so as to avoid any region of weak 
field in which the polarization of the neutrons 
could be changed through non-adiabatic transi- 
tions. 

The currents of polarizer and analyzer mag- 
nets, both about 34 amps., were kept constant to 
about 2 percent by manual control. Since the 
contribution of these two magnets to the pre- 
cession field (~10* gauss) was only about 100 
gauss, a two percent variation of the current 
would, on account of saturation, produce only a 
variation of } gauss. Moreover, the control 
mechanism which was employed for the precession 
field would also take care of these variations 
provided that they were uniform over the region 
occupied by the proton sample and the radio- 
frequency field. It was indeed verified that such 
small variations did not affect the necessary 
homogeneity of the precession field Ho. 

The precession field magnet has circular plane 
pole faces of 733-in. diameter and a 13-in gap 
width. Circular brass plates 7;”’ thick, which 
carried the system of shims to correct the field, 
were clamped onto the pole pieces. Two care- 
fully machined brass spacers were tightly fitted 
between the two pole faces. They very effectively 
prevented major changes of the gap configuration 
upon magnetization of the pole pieces. The 
magnet was energized by two coils, each having 
17,000 turns. A current of about 1.4 amp. was 
necessary to produce a field of about 9800 gauss 
(corresponding roughly to a Larmor frequency 
of the neutrons of 29 Mc, and it was supplied by 
a 3000 v full-wave, three-phase rectifier. The 
useful region of the precession field in which 
transitions can occur, defined by the length of 
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the copper box and the aperture of the cadmium’ 
diaphragms, was a volume 4” long in the direc- 
tion of the neutron beam, ?” wide across the gap, 
and 13” high, and symmetric with respect to the 
center of the gap. The proton sample was ap- 
proximately of spherical shape about }” in 
diameter, with its center located 2 ;;’’above the 
axis of the magnet (Fig. 2). Two small coils 
which were mounted coaxially with the proton 
sample on the walls of the box containing the 
sample and the rectifier, provided the modulation 
for the proton resonance. For measurements of 
the magnetic field (see below), the modulation 
frequency was 60 c.p.s. with an amplitude of 
about 3 gauss. For the actual measurements of 
the neutron resonance, 500 c.p.s. modulation at 
an amplitude of 0.3 gauss was employed. The 
effect of this alternating field in the region of the 
neutron passage is, of course, completely negli- 
gible. The magnet current passed through 8 
parallel-connected 304 TH tubes in series with 
the magnet windings. The grids of these tubes 
were controlled by the output voltage of a dif- 
ferential amplifier with a gain of about 10,000. 
This differential amplifier compared a constant 
voltage derived from dry cells with the voltage 
drop of the magnet current across a 30-ohm 
resistor, The stabilization of the current was 
such that for a line-voltage fluctuation of 10 
percent the field varied about 3 gauss at 10,000 
gauss. This manner of stabilization was employed 
whenever measurements of the inhomogeneities 
of the precession field were performed. For the 
actual measurements of the neutron resonances, 
an additional stabilizer, designed and built by M. 


Packard,!* was used. It injects into the differential 
amplifier a voltage derived from the proton 
resonance signal in such a manner as to keep the 
magnetic field at resonance with the proton 
excitation frequency. With this additional sta- 
bilization, the field varied about 0.02 gauss for a 
10 percent line-voltage change, and, in addition, 
was stabilized by a factor of 150 against any 
other causes of field variation, such as tempera- 
ture and extraneous fields. . 

The accuracy of the present experiment is 
largely determined by the degree of homogeneity 
of the precession field over the region occupied 
by the proton sample and the region in which 
neutron transitions can occur. Consequently, a 
great deal of time and effort was spent in making 
this field as perfect as possible. 

Inhomogeneities of the field were measured by 
observing the change of the proton resonance 
frequency upon the displacement of the proton 
sample from the center of the magnet to the 
point under investigation. For these measure- 
ments the magnet current was stabilized in the 
manner described above. The proton resonance 
obtained by 60-cycle field modulation was ob- 
served on the screen of a cathode-ray tube, and 
the frequency adjusted until the maximum of the 
resonance peak coincided with a reference line. 
The accuracy of this procedure is limited mainly 
by the unavoidable fluctuations of the field 
caused by the finite stabilization against line- 
voltage fluctuations. At points near the outer 
boundaries of the useful region of the field, the 
proton signal becomes somewhat wider, since the 


16 M. E. Packard, Rev. Sci. Inst. 19, 435 (1948). 














field is less homogeneous there than at the center. 
The accuracy of this measurement was about } 
gauss for fields of about 10,000 gauss. All 
measurements were made with the fields of 
polarizing and analyzing magnets on so as to 
correct also for inhomogeneities caused by these 
fields. Within the above-stated accuracy, their 
contribution to the Hy field was uniform over 
the useful region. 

It was, of course, to be expected that a region 
of about 4’ X2” within the gap of the circular 
pole pieces of 7{§-in. diameter would not be 
nearly homogeneous enough for our measure- 
ments. Even if the pole pieces were perfectly 
symmetric and uniform, the fringing of the 
field would be considerable. Suitable shims were, 
therefore, mounted on the brass plates which 
held them directly against the pole faces. The 
first step in homogenizing the field consisted in 
using 90-degree sectors of annular rings cut from 
5-mil shim steel, and of suitable radii so as to 
produce a slight increase of the field strength 
with increasing distance from the center. The 
second step was to place strips of 1-mil brass foil 
electroplated with nickel to thicknesses up to 
0.3 mil wherever the field showed a dip. Every 
step was, of course, carefully checked by moving 
the proton sample along the four directions 
marked ABCD in Fig. 2 and by measuring the 
deviation of the resonance frequency from its 
value at the center of the magnet. A typical plot 
of the field variations along these four directions 
after completion of the shimming is shown in 
Fig. 3. The deviations given in kc represent a 
sixth of the actual frequency variation, since all 
proton frequencies were measured at one-sixth 
of the actual frequency (see below). Thus, a 
variation of 1 kc in Fig. 3 represents a variation 
of about 1 part in 7000 or about 1.4 gauss. Cor- 
rection of the field was continued ‘until no single 
point deviated by more than 0.5 kc, and the 
midpoint of the proton sample (2;¢” vertically 
above the center) deviated not more than 0.2 kc 
from the average value. The largest deviations 
were always encountered at the end points (+2” 
from center) of the horizontal directions BCD, 
where their effect on the measurements is con- 
siderably reduced by the fact that at these 
points the effective radiofrequency field is quite 
small. 
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The rather severe requirements for the homo- 
geneity of the precession field made it necessary 
to correct the field separately for every value of 
Hy at which measurements were taken, since 
even changes of 5 percent in Hy changed the 
configuration of the field entirely on account of 
saturation of the pole pieces and shims. A further 
complication, which was rather troublesome, was 
caused by variations of the field configuration 
with time. Although the magnet current and the 
cooling water were left on continuously, inhomo- 
geneities developed over periods of several hours. 
It was found that the original situation could 
always be regained by alternately raising and 
lowering the current through a well defined 
cycle. The field configuration was, therefore, 
checked during the measurements at intervals 
of three hours and readjusted in the above 
manner if inhomogeneities could be detected. 
These field measurements also provided the 
information needed to correct the data for pos- 
sible small differences in the value of the pre- 
cession field Ho for neutrons and protons. 

The determination of the ratio of the resonance 
frequencies of protons and neutrons is greatly 
facilitated by the fact that the ratio of the 
neutron and proton magnetic moments is ap- 
proximately 3. The radiofrequency field of the 
protons was excited by the sixth harmonic of its 
master oscillator with frequency vp’ =vp/6. 
Similarly, the fourth harmonic of another master 
oscillator with frequency vy’ = vy /4 was used for 
the radiofrequency field of the neutrons. If one 
denotes the difference in the frequencies of the 
two master oscillators by Avy’, which has the 
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Fic. 3. Typical plot of the deviation of Ho from value at 
center measured along the four directions A, B, C, D of 
Fig. 2. Deviations dyp’ are measured in terms of one-sixth 
of the corresponding proton resonance frequency. « 
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value Avy’* at the neutron resonance, and by vp’, 
the frequency of the proton master oscillator 
which was always set for the proton resonance, 
the desired ratio is given by 


| un | vn* 2 Avy’* 
R= = =-(14 -). 


Mp vp 3 Vp 


(31) 


It follows from the approximately known values 
of the two moments that the relative error in R 
is only about one-fortieth of the relative error of 
Avy’*/vy’. The two frequencies Avy’ and vp’ were 
measured with a General Radio combined hetero- 
dyne-frequency meter and crystal-controlled 
calibrator. This device produces the funda- 
mental and the harmonics of a crystal-controlled 
frequency of 100 kc as well as of frequencies 
exactly one-fifth and one-tenth of this basic 
frequency. A second generator with continuously 
variable frequency can be set to any desired 
frequency by visual interpolation or with the aid 
of an interpolation meter. This secondary fre- 
quency can thus be adjusted to zero beat with 
the unknown external frequency. From the 
working principle of the apparatus, it is apparent 
that the fundamental crystal frequency does not 
enter in our measurements, since it is only the 
ratio of two frequencies which determines R. In 
terms of the errors dAvy’* of Avy’* and dvp’ of 
vp’, the relative error in the ratio R of the mag- 
netic moments is given by 


dR Avy’*/vp! dAvy’*\? dvp’\?\3 
= (=) ()) 
R 1+ Avy’*/vp’ Avy’* yp’ 





,»p'=7 Mc was determined to within 1 kc, and 
Avy’*=200 kc was obtained by beating vy’ and 


vp’ and measuring this beat frequency with the 
above-described frequency meter to about 0.2 kc. 
The value of Avy’ was checked continuously and 
kept at zero beat with the frequency meter by 
manual adjustment of vy’. The proton frequency 
vp’ was checked at frequent intervals during all 
measurements. Since (6vp’/vp’)?*K (dAvy’*/Avy’*)? 
and Avy’*/vp’K1, one can, to a very good ap- 
proximation, replace (32) by 


6R dAvy’* 


R vp’ 


(33) 


With the above figures this number amounts 
thus to 1/35,000. 

The radiofrequency generator and receiver for 
the protons are of the usual design and are 
described elsewhere.'!* The generator for the 
neutron radiofrequency field consisted of an 
electron-coupled master oscillator. with con- 
tinuously variable frequency from 7 to 8 Mc, 
followed by a buffer and output stage, employing’ 
the second and fourth harmonics, respectively. 
The output stage is capable of delivering about 
700 watts through a coaxial line and impedance- 
matching network to the coil. This coil (Fig. 2) 
was water cooled and consisted of 5 turns of 
ie’ X%” copper tubing wound with a rectangular 
cross section 23’ by 13’, and an over-all length 
of 33’’. It was completely enclosed in a copper 
box 4” long, located, as shown in Fig. 2, between 
the magnet poles. A tap at a short distance from 
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Fic. 5. Angular velocity d6/dt of oscillating field Hi as 
experienced by neutrons moving at a velocity of 2.2 10* 
cm sec.~! along the axis of the neutron beam and 3” above 
and below the axis, respectively. 
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Fic. 6. Neutron resonances observed at vp’=7.674 Mc. 
Solid curves computed from curve of Fig. 10. 


the grounded end of the coil served as a con- 
nection for a radiofrequency current meter. 

The radiofrequency magnetic field was care- 
fully calibrated and its configuration measured, 
by means of a small }-in. diameter search coil 
connected to a radiofrequency voltmeter. The 
coil was introduced through a small hole in the 
window of the casing. The distribution of the 
radiofrequency field component in the x direction 
(direction of propagation of neutrons) along the 
axis of the neutron beam is shown in Fig. 4. As 
expected, the field drops rather rapidly from its 
maximum value Hz» at the center to zero at the 
walls. No great variation of this distribution 
throughout the area occupied by the neutron 
beam was found. As pointed out in Section II, a 
serious asymmetry and shift of the resonance 
curve can be caused if the moving neutrons en- 
counter an effectively rotating field perpendicular 
to Ho. This shift can be expressed as an effective 
change of Hy by means of (28). The shift of the 
resonance frequency caused by this effect was 
measured in the most obvious manner (see 
Sections II and IV) by inversion of the precession 
field. However, in order to ascertain whether the 
determined shift is compatible with the actual 
distribution of H, and H,, the latter component 
was also measured as a function of x along the 
axis of the neutron beam and along two parallel 


lines 3’ above and below the axis. From these 
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data the quantity d6/dt, representing the effective 
shift of the resonance frequency for neutrons of 
an average velocity, was computed and is repre- 
sented in Fig. 5 as measured along the three lines 
in the x direction. The frequencies refer again to 
one-quarter of the actual neutron resonance fre- 
quencies. The average velocity 5 was determined 
from the measurements of the dependence of the 
resonance effect on the amplitude of the radio- 
frequency field. Assigning a transition prob- 
ability of unity for the average velocity neutrons 
at the maximum resonance effect, i is given by 
the relation (see Section IT) 


vy 
o=— f HAiydx. 
2r 0 


(34) 


Figure 5 shows clearly that with our experi- 
mental arrangement the average frequency shift 
differs markedly from zero. This is easily under- 
stood, since the axis of the neutron beam is 
located above the axis of the radiofrequency coil, 
and since, furthermore, the shielding is not sym- 
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Fic. 7. Neutron resonances observed at vp’ =7.309 Mc. 
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Fic. 8. Neutron resonances observed at vp’=6.943 Mc. 


metric and consequently diverts the magnetic 
lines of force asymmetrically with respect to the 
axis. Also, as pointed out earlier, if one takes 
the geometrical features of the arrangement into 
account, the direction in which the shift occurs 
upon changing polarity of the precession field is 
directly connected with the sign of the neutron 
moment. 


IV. MEASUREMENTS 


All measurements were performed with ana- 
lyzer and polarizer operating at the highest pos- 
sible field of about 11,900 gauss, corresponding 
to a magnetization within less than 0.02 percent 
of saturation. Both oscillators were always 
turned on several hours before the start of the 
measurements. With this precaution only small 
and slow drifts of the frequencies were encoun- 


tered. The inhomogeneities of the Ho field were 
checked as previously mentioned at regular 
intervals. The performance of the proton-con- 
trolled regulator for the precession field was 
continuously checked with the aid of a cathode- 
ray oscilloscope, as described by Packard.'* 
Great care was taken to have always a pattern 
of pure second harmonic, or zero-average control 
voltage. Any deviation was corrected manually 
by changing the current setting of the automatic 
current control. It is estimated that no deviation 
from exact proton resonance amounting to an 
error in Avy’ of more than 0.1 kc was permitted. 
All measurements of neutron resonances were 


-_performed by counting detector pulses for each 


monitor interval with the neutron radiofrequency 
field alternately on and off. Each interval lasted 
for about 80 sec. After 20 intervals, conditions 
were usually changed by varying either the mag- 
nitude of the radiofrequency field or the neutron 
frequency, depending on the type of measure- 
ments. During the measurements of the neutron 
resonances, frequencies were changed in such a 
manner as to measure alternately at frequencies 
located approximately symmetrical to the ex- 
pected resonance frequency. For each group of 
measurement the background was determined 
several times by placing a cadmium sheet over 
the exit diaphragm of the radiofrequency coil 
box. In every case, sufficient data were taken to 
make the contribution from the background 
measurement to the statistical error negligible. 
Cadmium ratios were always measured with the 
radiofrequency field alternately turned on and 
off. As it was expected, the neutron intensity 
recorded with the cadmium shield intercepting 
the beam did not exhibit any resonance feature. 
Likewise, no transmission effects could be 
detected in this case. 

The measurement of the neutron resonance dip 
was carried out at three different proton fre- 
quencies vp’ = 7.674 Mc, 7.309 Mc, and 6.943 Mc. 
These frequencies were chosen because with 
these values for vp’, Avy’ at resonance has values 
very near to 210, 200, and 190 kc, respectively: 
consequently, frequencies close to resonance 
could be determined without a large interpolation 
between two values of the crystal oscillator of the 
frequency meter. At every one of these fre- 
quencies several resonance curves were measured 











using different values of the radiofrequency field. 
Figure 6 shows the results at vp’ =7.674 Mc for 
peak values of Hzm=11.5 and 4.6 gauss at the 
center of the coil. Denoting by Jo, and Joss the 
counting rates with and without the applied 
radiofrequency field, and by Jca the counting 
rate with cadmium intercepting the beam, the 
ordinate represents the quantity 


I on I off ( 5) 
7 =————_. 3 
Ion—Ica 
The errors indicated are mean errors. The 


measurements were taken at frequency intervals 
of 1 kc and corrected for any measurable dif- 
ference (>0.1 kc) of Ho at the center and at the 
proton sample. The solid curves shown in Fig. 6 
were calculated according to the procedure 
outlined in Sections II and V. Since the absolute 
values of H; involve the knowledge of the area 
of a small radiofrequency search coil, their 
accuracy is probably about 20 percent. No cor- 
rection for the frequency shift caused by the 
spatial variation of the radiofrequency field was 
made for this and the following figures. Figure 7 
shows the results of the measurements at 
vp’ =7.309 Mc taken with radiofrequency fields 
of H2m = 23.0, 11.5, and 4.6 gauss. These measure- 
ments were actually the first ones performed, and 
the Hp field was not nearly so homogeneous as in 
the later measurements. Consequently, cor- 
rections for deviations of as much as 0.8 kc had 
to be applied for differences of Hy for neutrons 
and protons. This caused the uneven spacing of 
the measured points. We, therefore, believe that 
these data are considerably less reliable than the 
ones at 7.674 and 6.943 Mc. Again, the solid 
curves were calculated as before. 

Figure 8 finally shows the results of the mea- 
surements at vp’=6.943 Mc. For this proton 
_frequency the Hp field was almost perfect; thus 
no correction at all had to be applied for field 
differences, and it was felt that with this field 
the most reliable data were obtained. Conse- 
quently, data were taken for Hrm=23.0, 11.5, 
4.6, and 2.3 gauss, as shown in Fig. 8. Further- 
more, an experiment to determine the shift of the 
resonance maximum caused by the presence of 
the H, component of the radiofrequency field 
was performed, as indicated in Section II, by 
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reversing the polarity of the precession field. 
Upon reversal of the polarity, and after raising 
and lowering the magnet current according to 
the adopted procedure, it was found that no 
additional shimming was required. At the same 
time, the directions of polarizing and analyzing 
fields were inverted so as to have field reversal 
along the whole neutron path. The two measure- 
ments were taken with a radiofrequency field of 
11.5 gauss, a value very near to that for which 
the maximum resonance effect occurs. The 
results are shown in Fig. 9. The points labeled 
“positive field” are those taken with the field 
in the same direction as for the preceding mea- 
surements. The points labeled ‘‘negative field”’ 
are those taken with the opposite field direction. 
The figure shows clearly a displacement between 
the two sets of data corresponding to about 1.3 
kc. This difference represents, of course, twice 
the actual shift. The observed shift of 0.67 kc is 
indicated in Fig. 5 and is seen to be compatible 
with that expected from the measurements of the 
spatial variation H, and Hy. 

A check was performed to ascertain whether 
the sign of this shift was in agreement with the 
negative sign of the neutron magnetic moment. 
This was done by determining the relative orien- 
tations of the precession field and the magnetic ~ 
field of the cyclotron magnet. The sense of rota- 
tion of the positive ions in the cyclotron is known 
from the arrangement of the deflector. It follows 
from the geometrical arrangement that, in the 
average, the lines of force of the neutron radio- 
frequency field, 4 inch below the axis of the 
beam, curve downwards at the ends. The sense 
of rotation of the radiofrequency field thus seen 


» Positive Hp Vp * 6.943 MC, Hym*I1.5 Gauss 
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Fic. 9. Shift of resonance maximum caused by reversal of 
direction of precession field. 
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Fic. 10. Transmission effect at resonance versus ampli- 
tude of radiofrequency field. Values of H; are measured by 
Hzm, the x component of H; at center of coil. Solid curve: 
best fit obtained with v’ exp(—v*) distribution. Dotted 
curve: best fit obtained with v* exp(—v*) distribution. 


by the moving neutrons and the direction of the 
observed shift were indeed found to indicate the 
negative sign of the neutron moment. 

As shown in Section II, the shape of the 
neutron resonance dips can be predicted (as- 
suming homogeneity of Ho) if the dependence of 
Er at resonance on the amplitude Hj of the 
radiofrequency field is known (cf. (15) and (16)). 
Since the experimental results certainly do not 
exhibit a simple relation between H; and the 
observed width of the resonance dips, the values 
Er» of Er at resonance were carefully measured 
over the full available region of H; measured in 
terms of Hzm. The resonance frequencies for these 
experiments were obtained by inspection from 
the preceding measurements. Data were taken 
at the three proton resonance frequencies. The 
combined results are shown in Fig. 10. The 
errors are the mean statistical errors increased by 
an amount corresponding to a possible error dp’ 
in the resonance frequency of 0.5 kc. Whereas 
the dependence of Et) on Hem would obey a 
simple sin? law if the neutrons were monoener- 
getic, the results show clearly the rapid damping 
and asymptotic approach to:a finite value for a 
sufficiently large radiofrequency amplitude cor- 
responding to a uniform transition probability 4 
for all neutrons of different velocity. This 
asymptotic value E7* is related by expression (8) 
to the three transmission effects Ep, Es, Ep, 
which were measured directly several times. In 
addition, a check measurement of the quantity 
Ep—£a was performed by leaving the analyzer 
magnetized and observing the intensity change 
upon magnetization of the polarizer, All these 


measurements were consistent and gave :f 


E,=Ep=(6.340.3) percent (36) 


and 


Ep =(21.1+0.5) percent. (37) 


The asymptotic value Ey* is, therefore, 
Er*=(—6.9+0.6) percent, (38) 


as indicated in Fig. 10. The observed and cal- 
culated value of the asymptotic effect are in good 
agreement. The fact that the proper and quan- 
titative relation between the single-transmission 
effects and the double-transmission resonance 
effect could be established must be considered as 
an important factor in evaluating the reliability 
of the data. The solid curve in Fig. 10 represents 
the best fit with fo(v) = Av’ exp(—v") (cf. Section 
II), the dotted one with fo(v) = Av? exp(—v*). 

A last series of measurements was undertaken 
to ascertain that within a region extending on 
both sides of the established resonance over a 
one percent range in frequency scale no other 
resonance dips of real, spurious, or instrumental 
nature could be found. Measurements were taken 
at a proton frequency vp’=7.309 Mc, with a 
radiofrequency field of 11.5 gauss from Avy’ = 133 
ke to Avy’=267 kc in steps of 6 kc, which is 
approximately the half-width of the previously 
observed resonance dip. The results of these 
measurements are shown in Fig. 11. Outside the 
resonance dip at 200 kc none of the observed 
points shows a deviation from zero towards 
negative values by more than about (10.7) 
percent, or 75 of the resonance maximum. It can, 
therefore, be safely stated that no other resonance 
dip with an intensity of more than 3 of the 
observed main dip can be present within the 
explored region. 


V. RESULTS 


As pointed out in Section II, it is not possible 
to predict the exact dependence of E79, the 
value of the transition effect at resonance, on the 
value of H, without the complete knowledge of 
the dependence of Cp, Ca, Cp, and fo upon the 


t It should be noted that the values of the transmission 
effects are smaller than those previously quoted (see refer- 
ence 10). These data were taken with the same arrangement 
but with the proportional counter filled with ordinary BFs. 
The counter used in the present measurements favors fast 
neutrons and consequently the transmission effects are 
somewhat smaller. 
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velocity v. However, it was tried to match the 
observed points to a curve computed under 
reasonable assumptions. For this purpose Cp and 
CaCp in expression (16) were replaced by their 
average values, such that: 


af 10) sine( <r Jao 


J oe 


For fo(v), the two most obvious functions fo(v) 
= Av® exp(—v?) and fo(v) = Av’ exp(—v*), were 
chosen and the expressions for E79(H;) inte- 
grated numerically. The appropriate values of 6 
and Er* were determined by the best-fitting 
curves, as shown in Fig. 10. It should be em- 
phasized, of course, that actually there is hardly 
any justification for using a Maxwellian dis- 
tribution in conjunction with the average values 
of Ca, Cp, and Cp. However, the very fact that 
excellent agreement with the experimental results 
can be obtained, as shown particularly by the 
relative position and magnitude of the two 
extrema, can be taken as proof that the adopted 
procedure cannot be very far from being correct. 
Between the two distribution functions there is 
not too large a difference; however, the 
v’ exp(—v?) distribution gives definitely a 
better fit. Since the detector used in our experi- 
ment was rather thick, this fact agrees with the 
expectation. From the value of 6 in the best- 
fitting curve one obtains a most probable velocity 
of the neutrons, 3=2200 m/sec. For a distribu- 
tion of the form Av* exp(—v), characteristic for 
thermal neutrons and a thick detector, the most 
probable velocity at room temperature is 2690 
m/sec. Our result, therefore, indicates that the 
effective temperature of the polarized neutrons 
is lower than room temperature as one would 
expect, since the polarization cross section in- 
creases with decreasing velocity. The first maxi- 
mum of the E79 curve occurs at a field Him = 10.0 
gauss at the center. If one assigns a transition 
probability of one at this field to the neutrons of 
the most probable velocity, 1=2yvHil/h, in- 
serting for H, its measured average value over 
the length of the coil box, one obtains the former 
value of 2200 m/sec. for 3. The second parameter 


(39) 





Erm=E,7* 


of E7* for the best fit is 


Er* = —7.0 percent, (40) 


in excellent agreement with the value (38) as 
observed by the transmission experiments. It 
was, therefore, felt that the observed resonance 
dips were fully understood and that the calcula- 
tion of the shape of the resonance curves could 
be safely based upon the E79 (Hzm) curve. 

A difficulty in the calculation of the resonance 
curves arises from the fact that H, varies strongly 
over the region where transitions occur. As a 
first approximation, the value of A; entering in 
I was taken as the average value of H, over the 
length / of the radiofrequency coil box. For one 
case, the calculation was carried out by approxi- 
mating H,(x) by four step-functions, and inte- 
grating the quantum-mechanical equations for 
neutrons of the most probable velocity over these 
steps. The result showed no noticeable difference 
from the one obtained with the average value of 
H,. Thus the theoretical curves shown in Figs. 
6, 7, 8, and 9 were obtained from (17) with the 
deviation A expressed in terms of frequency 
deviation, and through (14) with the average 
value of H; (instead of H,) obtained from the 
measurements of H, and H, along the three lines 
C, D, B, on the axis and 3” below and above, 
respectively. The average value of H; thus deter- 
mined is 0.74 Him, where Hzm is the peak value 
of H, at the center. 

The over-all agreement between observed 
points and theoretical curves is quite good, as 
shown in Figs. 6, 7, and 8. Significant dis- 
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Fic. 11. Exploration of neighborhood of resonances at 
vp’ =7.309 Mc. 
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TABLE I. 








Ho Hzm gauss Avy’* kc yn*/vp 





0.685003 +0.000013 
0.685022 +0.000019 


0.684906 +0.000037 
0.684975 +0.000020 
0.685000 +0.000015 


0.684993 +0.000039 
0.685000 +0.000015 
0.684999 +0.000020 
0.685020 +0.000017 


0.685019 +0.000014 


11.5 210.39+0.12 
4.6 210.62+0.20 


199.30+0.40 
200.05+0.20 
200.33+0.14 


190.19+0.40 
190.26+0.13 
190.25+0.19 
190.47+0.16 
190.46+0.12 
191.79+0.12 
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crepancies can be found in the maximum value 
of Er at resonance for the lowest field Him =2.3 
gauss. This discrepancy is probably caused by 
the inaccuracy of the radiofrequency field mea- 
surements to which this value is particularly 
sensitive. At the values Hzm=11.5 gauss the 
theoretical curves seem to be somewhat too 
narrow, and at 23.0 gauss somewhat too wide. 
However, in view of the approximations made 
in the calculation it is felt that a better agreement 
could hardly be expected. It is worth while to 
notice that for the relatively weak radiofrequency 
fields, i.e., fields for which £7» still deviates con- 
siderably from its asymptotic value, the half- 
width of the resonance curves differs. consider- 
ably from proportionality with A. In fact, the 
half-width of the curves taken with Hrm=4.6 
gauss and H,,=11.5 gauss differ by only a 
factor 1.3. This is understood readily by con- 
sidering Fig. 10, which shows that in the most 
important region near resonance and for in- 
creasing values of A, F(£) increases for the lower 
value of H; and decreases for the higher value. 
This results in an increase of the width for the 
4.6-gauss curve and a decrease for the 11.5-gauss 
curve, in very good agreement with the obser- 
vations. 

For the determination of the exact resonance 
frequency, one could, in principle, find its value 
by adjusting the abscissa of the theoretical 
curves to the best fit with the observed points. 
However, it was felt that in view of the approxi- 
mations made in the calculation of these curves 
a more general procedure which would not be 
based on special assumptions was indicated. 
Since no evidence for any asymmetry of the 


observed resonance curves could be found, the 
resonance frequencies were determined by as- 
suming that the measured points represent a 
curve symmetric with respect to a resonance 
frequency. The axis of symmetry was then deter- 
mined by pairing each of the observed points on 
the one side with a linearly interpolated point on 
the other side of the approximate resonance 
value. The average value of the resonance fre- 
quency was obtained by a properly weighted 
average of the resonance values obtained from 
each pair. This procedure was carried out by 
once choosing the interpolated values on the 
right and once on the left side of the axis of sym- 
metry. In the same manner the mean error was 
determined. The final values represent the aver- 
age of the two calculations, which in no case 
differed by more than their errors. For each 
measured point the following errors were con- 
sidered : 

(a) Statistical error in E7; 

(b) error in frequency measurement of Avy’, 
estimated to be +0.2 kc; 

(c) error caused by differences in the value of 
H) for neutrons and protons. This difference was 
always carefully measured, as stated in Section 
III, and the results accordingly corrected. The 
remaining error is equal to the accuracy of the 
magnetic field measurements and taken to be 
+0.2 kc. 

(d) error caused by drift of the neutron fre- 
quency, the proton frequency, and drift of the 
operating point of the magnetic field control 
from exact proton resonance. The difference of 
the two master oscillator frequencies, equal to 
+ and § of the neutron and the proton frequency, 
respectively, was at no time allowed to drift by 
more than 0.1 kc. The absolute value of the 
proton frequency could drift or be mis-set by as 
much as 1 kc; this, however, would only cause a 
very small error in the ratio of the two frequen- 
cies (see Section III). The drift of the operating 
point of the proton-controlled field stabilizer, 
manually kept at exact resonance, is estimated 
to cause an error of +0.1 kc. 

Since all these errors are statistically inde- 


pendent, an over-all error of 0.3 kc was assumed 


for the values of Avy’ for all the measurements, 
except those at 7.309 Mc, for which the error was 
increased to 0.4 kc. Table I shows the values of 
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Avy’* for the resonance maximum as obtained 
for the various experiments. In the first column 
the values of one-sixth of the proton frequency 
and the direction of the H field are listed. The 
second column contains the value of the radio- 
frequency field Hzm at the center of the coil. In 
the third column the average value Avy’* of the 
axis of symmetry is given with its error. The 
last column finally shows the value of the ratio 
of vy*/vp. These last values were obtained by 
correcting the values of Avy’* for the frequency 
shift caused by the asymmetry of the radiofre- 
quency field. The magnitude of this shift, 
obtained from the last two measurements listed 
in the table and being equal to one-half the 
difference of their observed resonance frequen- 
cies, was found to be +(0.67+0.09) ke for the 
positive field direction. Comparing this value 
with Fig. 5 shows that it represents a not unrea- 
sonable average value of d6@/dt. It is worth while 
noticing that the actual spread of the values of 
vy*/vp in Table I is in excellent agreement with 
the errors computed for each value. 

The final value of vy*/vp or of the ratio of the 
magnetic moments of neutron and proton was 
obtained by averaging the various values listed 
in Table I, excluding the last. In order to state 
the mean error of this final result, proper con- 
sideration should be given to systematic errors, 
such as the error in the frequency shift discussed 
above. The following other possible errors of this 
type were considered : 

(a) A deviation of the fundamental standard 
frequency of the frequency meter cannot affect 
the result if the frequency subdivision to 5 or 
$, respectively, is maintained, since only fre- 
quency ratios enter into the final value. 

(b) An additional error could be introduced 
by a deviation of the average value of the field 
Hy over the region in which transitions take 
place from its value at the center. Since in every 
case the field configuration was very similar, this 
error, as being systematic, was not included in 
the above evaluation, and due allowance has to 
be made for it in the final result. It is estimated 
that this error corresponds to a systematic devi- 
ation of +0.2 kc in Avy’*. 

(c) A correction of Avy’* because of the fact 
that the radiofrequency field is actually an oscil- 
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lating rather than a rotating, field is too small 
to be important.” 

(d) A final possible source of error arises from 
the fact that the neutrons were observed in air, 
while the protons were contained in an approxi- 
mately 0.1-molar solution of MnSQ, in water. 
The electron of the hydrogen atom, as well as 
the surrounding other molecules, could cause a 
modification of the effective resonance field to 
which the proton is exposed, and this effect 
would necessitate a correction in the measured 
ratio of the moments. While the effect caused by 
the diamagnetism of the water is far too small 
to be considered, the paramagnetism of the 
manganese ions would for a spherical sample raise 
the magnetic induction by about 1/90,000 over 
its value in air. It is clear, however, that even 
this small correction would represent a gross 
over-estimate of the paramagnetic effect, since a 
proton is on the average isotropically surrounded 
by manganese ions so that they effect merely a 
broadening of the resonance line, while its shift 
cancels out. The only effect which remains is the 
shielding of the applied field by the electron sur- 
rounding the proton, which was treated by 
Lamb." Neglecting the distortion of the electron 
eigenfunction as a result of chemical binding, 
this shielding would cause a relative reduction of 
the effective field by a?/3=1/57,000 (a=fine 
structure constant) which is negligible within our 
accuracy and again represents an overestimate 
because of the partial sharing of the electron with 
the oxygen of the HO molecule. Summarizing, 
it therefore appears that even with our high 
accuracy, no correction for the resonance field of 
the proton has to be applied. 

Thus the ratio of the two magnetic moments 
is found to be 

| uy | 
= 0.685001 +0.00003. 
MP 


(41) 


A previous and considerably less accurate deter- 
mination by Arnold and Roberts'® gave for this 
ratio a value 0.68479+0.0004, which within its 
error agrees with the above value. 

The absolute value of the neutron magnetic 
moment can be obtained from the value of the 


17 W. E. Lamb, Phys. Rev. 60, 817 (1941). 
( 18 n: R. Arnold and A. Roberts, Phys. Rev. 71, 878 
1947). 
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proton moment measured by Millman and Kusch? 
in terms of the electronic moment. The value 
given by these authors is 


up = (2.7896+0.0008) un’. 


The value of yu,’ deviates from a true nuclear 
Bohr magneton by a radiative correction, as 
pointed out by Schwinger.!® According to his 
investigation, this correction raises the above 
value of up by a factor (1+a/2r) =1.001162 if 
referred to a true nuclear magneton p,=eh/2Mc, 
yielding thus the previously given value (1). In 
units of the present best known value of the 
nuclear magneton, and by using 

KD 

—=0.3070126+0.000002, (42) 

Mp 
as determined by Bloch, Levinthal, and Packard,” 
the values of the moments of the neutron, proton, 
and deuteron are 


un = —1.91307+0.0006, 
up = 2.7928+0.0008, 
up = 0.85742 +0.0003. 


The value |uw| =(1.935+0.02)un, which was 
found by Alvarez and Bloch,® agrees with the 
present more accurate determination. 


VI. DISCUSSION 


The most outstanding information which has 
been gained from the investigation of nuclear 
moments is still contained in the result that the 
neutron has a finite magnetic moment and that 
the proton moment differs from the nuclear 
magneton. It clearly signifies that neither of the 
two particles is of the same nature as the electron, 
which has been successfully described by the 
famous relativistic wave equation of Dirac. The 
same theory, applied to the neutron and the 
proton, would give uy=0, up=pn, and it seems 
plausible that the different values, which have 
been observed for both moments, are of common 
origin. Using the values (41) and (43) for | uv| /up 
and up/un, respectively, one finds 


arte _ (1M!) (") 


= (0.8797 0.0003). 


19 J, Schwinger, Phys. Rev. 73, 416 (1948). 
20 F, Bloch, E. C. Levinthal, and M. E. Packard, Phys. 
Rev. 72, 1125 (1947). 
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The fact that this number is close to unity 
suggests that the mechanism, which provides the 
magnetic moment of the neutron, adds, in the 
case of the proton, an approximately equal and 
opposite excess to the magnetic moment up, 
which one would expect to find as a direct con- 
sequence of relativity. Frohlich, Heitler, and 
Kemmer”! have shown that such a mechanism is 
rather naturally found if one accepts Yukawa’s 
hypothesis of the meson field for the nuclear 
forces. Both the negative neutron moment and 
the positive excess moment of the proton are 
here explained by the magnetic moment of the 
negative and positive mesons, respectively, which 
exist with a finite probability within the range of 
nuclear forces from the heavy particle. The cal- 
culations are based upon a weak coupling between 
the heavy particle and the meson field, and the 
relatively small difference of the value (44) from 
unity appears here as an effect resulting from the 
small but finite ratio of the masses of meson and 
heavy particles. Pauli and Dancoff” have shown, 
however, that in a theory with strong coupling, 
the magnetic moments of proton and neutron 
would appear as equal and opposite so that a 
vanishing result would be obtained instead of 
the value (44); the fact that this actual value 
lies between zero and unity might thus call for a 
theory with intermediate coupling. 

Another interesting feature of the value (44) 
is found in the fact that it is very closely equal 
to the magnetic moment of the deuteron, 
measured in units yw». Using here also the value 
(42), one has 


bp+ un — uD (: | uv | 2) (“) 
Ln Me Up Mn 


= 0.02230+0.00009. 


(45) 


A vanishing result instead of this small number 
would indicate that the magnetic moments of 
the proton and neutron are additive in the 
deuteron, and the first approximate data for the 
neutron moment were actually derived under 
this assumption. The value (45) represents the 
measure of a small but well established deviation 


21H. Frohlich, W. Heitler, and N. Kemmer, Proc. Roy. 


Soc. 166, 154 (1938). 
2 W. Pauli and S. M. Dancoff, Phys. Rev. 62, 85 (1942). 
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from additivity which can be ascribed to various 
causes. 

A first and in fact very accurate prediction of 
the non-additivity has been given by Rarita and 
Schwinger* in connection with the quadrupole 
moment Qp of the deuteron. Although the ob- 
served finite value of Qp is compatible with the 
spin Ip=1 of the deuteron, it would vanish, if 
the orbital angular momentum of the proton and 
the neutron were zero, i.e., if the ground state of 
the deuteron were a pure S state. Such a vanish- 
ing result would not be accidental, but it would 
necessarily follow if the interaction potential 
between proton and neutron were spherically 
symmetrical. Through the assumption of a spin- 
dependent spherical asymmetry, it is found, 
however, that the ground state of the deuteron 
is not a pure S state but rather a mixture of an 
S and a D state. With the simplest assumptions 
about the form of the interaction, Rarita and 
Schwinger were able, from the observed value 
of Qp, to estimate the relative strength of the 
spin-dependent part. 

Through the orbital contribution to the mag- 
netic moment of the D state, there enters a cor- 
rection to the total magnetic moment of the 
deuteron. It is directly related to the probability 
of finding the deuteron in the D state. With the 
form of interaction, which leads to the observed 
value of Qp, this probability was found to be 
0.039; introducing the observed values for pup 
and uy one obtains then from the theory of 
Rarita and Schwinger (up-+un —up)/pn=0.022. 
This excellent agreement with the observed 
value (45) is, however, largely coincidental; it 
could easily be spoiled by altering the simple but 
implausible assumption that the radial depend- 
ence of the interaction energy has the form of a 
square well. 

The agreement seems even more accidental 
if one considers that another major cause of non- 
additivity has been entirely omitted in the 
calculations of Schwinger and Rarita. It has been 
pointed out by several authors* that relativistic 


#3 W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941). 

*H. Margenau, Phys. Rev. 57, 383 (1940); P. Caldirola, 
Phys. Rev. 69, 608 (1946); R. G. Sachs, Phys. Rev. 72, 91 
(1947); H. Primakoff, Phys. Rev. 72, 118 (1947); G. Breit 
and I. Bloch, Phys. Rev. 72, 135 (1947); G. Breit, Phys. 
Rey. 71, 400 (1947). 





effects, resulting from the motion of the con- 
stituents in the deuteron, could likewise cause 
deviations from additivity in the same direction 
and of comparable magnitude as those introduced 
through the mere presence of the D state. The 
estimates vary widely, dependent on the dif- 
ferent assumptions about the type of interaction 
between the proton and the neutron. While no 
definite answer can thus be given at the present 
state of the theory, it is not justifiable, either, to 
overlook these relativistic corrections. 

Finally, deviations from additivity for the 
magnetic moments can appear for a third inde- 
pendent reason. If one assumes that the excess 
moment of the proton and the moment of the 
neutron are due to the meson field, one is led to 
the possibility that the modification of this 
field, which causes their interaction, affects also 
the resultant magnetic moment of proton and 
neutron in the deuteron. The existing theories 
indeed contain features which lead in general to 
a modification of the intrinsic moments through 
that of the meson field. In the special case of 
the deuteron, however, this mechanism con- 
tributes no correction by virtue of the particular 
symmetry properties with respect to an inter- 
change of proton and neutron. 

It is evident that the present knowledge of 
nuclear forces is insufficient to give a satisfactory 
explanation of the observed value (45). With its 
considerable accuracy this experimental number 
may serve as an important and rather severe 
test for future theories. 
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The high frequency resonances recently observed for (y,”) reactions as well as photo-fission 
are interpreted in analogy with the “‘reststrahl frequencies” of polar crystals. The estimated 
frequencies are in good agreement with the experimental results. An interesting consequence of 
this interpretation is the conclusion that strong resonance scattering of y-rays should take 
place at a frequency characteristic of the scattering nucleus. 





T has been observed recently! that some nu- 
clear photo-disintegrations, (7,7) reactions as 
well as photo-fission, exhibit a behavior which 
has the appearance of a high frequency resonance. 
Such a resonance was observed in carbon at 
30 Mev,!.in copper at 22 Mev,}! in tantalum at 
16 Mev,? and for photofission in thorium and in 
uranium at 16-18 Mev.! The suggestion was 
made that this phenomenon may be due to the 
interplay of increasing level density and increas- 
ing competition from other processes such as, 
for instance, the (y,2”) process. Recent experi- 
ments’ show, however, that in the case of Cu® 
as well as other nuclei the decrease in the (y,m) 
cross section in the high energy region is not 
compensated to any considerable extent by an 
increase in the (y,27) cross section. It is, further- 
more, desirable to explain why such different 
processes as (7,7) reactions and photo-fission 
should have maximum cross sections at so similar 
y-enerzies. 

We propose to interpret these frequencies as 
resonances, somewhat different from those caused 
by definite nuclear levels, and analogous to the 
“reststrahl frequencies” of polar crystals. We 
assume that the y-rays excite a motion in the 
nucleus in which the bulk of the protons move in 
one direction: while the neutrons move in the 
opposite direction. We shall call this motion the 


1G. C. Baldwin and G. S. Klaiber, Phys. Rev. 71, 3 
(1947) and Phys. Rev. 73, 1156 (1948). 

2 J. McElhinney and A. O. Hanson, private communi- 
cation. ' 

3M. L. Perlman and G. Friedlander, Phys. Rev. 74, 442 
(1948). We are indebted to Dr. Friedlander for informing 
us of these results before publication. 


“dipole vibration.”’ Such a vibration will have a 
high frequency as a result of the partial separa- 
tion of the: protons from the neutrons to which 
they are strongly bound. The maximum in the 
-absorption cross section will give rise to similar 
maxima for several nuclear processes in which 
y-absorption is the first step. We shall see below 
that the magnitude of the integrated cross sec- 
tions deduced from experiments is too great to 
be explained by the motion of a single proton or 
of a small fraction of the protons contained in 
the nucleus. 

The breadth of the resonance—so far only 
crudely known—is probably due to the transfer 
of energy from the orderly vibration described 
above into other modes of nuclear motion. Thus, 
the breadth is due to a process analogous to 
damping by friction. One may use a nuclear 
model in which the ordered dipole vibration of 
protons and neutrons in opposite directions cor- 
respond to well defined quantum states. Coupling 
with other degrees of freedom will broaden these 
states. Our resonance will then correspond to the 
transition of the nucleus from the lowest state 
to the first excited state of the dipole vibration. 
A more complete nuclear model will include 
from the beginning the coupling between the 
dipole vibration and the other nuclear motions. 
In this case we shall obtain a great number of 
nuclear levels each of which contains to some 
extent the dipole vibration. If, however, the 
coupling is weak, only such levels will contain 
considerable contributions from the first excited 
state of the dipole ‘vibration whose energy does 
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not differ greatly from the energy of this first 
excited state. Absorption of y-rays by an energy 
level is due to the contribution from the dipole 
vibration. Thus, a great number of nuclear levels 
actually contribute to the y-absorption, but they 
all cluster around the first excited state of the 
idealized dipole-vibration. In the following we 
shall discuss this idealized vibration. 

In order to gain some insight into the change of 
the resonance frequency with nuclear properties 
we shall consider the dipole vibration on the 
basis of three simple models. 

I. We assume that the displacements of the 
average position of a proton from its original 
location in the nucleus requires a force which is 
proportional to the displacement. The propor- 
tionality constant shall be the satne for every 
kind of nucleus and for every proton within the 
nucleus. These assumptions should be well ap- 
proximated in nuclei consisting of a-particles. It 
is clear that in this model the frequency of the 
dipole vibration will be the same for all nuclei. 

II. We assume that the protons and neutrons 
on the surface of the nuclei have fixed positions 
with respect to each other. Motion of protons 
and neutrons inside the nucleus causes density 
changes in the proton-fluid and neutron fluid. 
The restoring forces per unit mass will be pro- 
portional to the gradients of these densities. For 
a given displacement in the nucleus the maxi- 
mum density change is inversely proportional to 
the nuclear radius R and the gradient will be 
proportional to 1/R?. Thus, the frequency, which 
must vary as the square root of the restoring 
force, is proportional to 1/R or to the inverse 
cube root of the nuclear mass. 

III. We assume that the protons and the neu- 
trons behave as two inter-penetrating incom- 
pressible fluids. During the dipole vibration the 
two fluids suffer a relative displacement so that 
near the nuclear surface the two fluids no longer 
overlap. The total restoring force will be propor- 
tional to the surface, that is, to R?. For small dis- 
placements we may again assume proportionality 
between displacement and force. The frequency 
w of the resulting harmonic motion is propor- 
tional to the square root of force over mass. 
Thus we have w~(R?/R*)'~R-, and the fre- 
quency varies inversely as the sixth root of the 
nuclear mass. 
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The experimental variation of the frequency 
seems to be best described by hypothesis III. 
It is of interest to explore this model in a more 
quantitative way even though it is clear that the 
picture used is too idealized. Indeed we shall 
further simplify our calculation by assuming 
that the number of protons and neutrons is equal. 

The relative displacement of the neutrons and 
protons shall be denoted by ~. We consider the 
case &<R, where R is the nuclear radius. -We 
shall, however, not assume at first that & is 
infinitesimal. Because of this displacement a 
volume 7R?|é| of the proton-fluid no longer 
overlaps the neutron-fluid and a similar volume 
of the neutron-fluid extrudes on the other side 
of the nucleus. If p is the density of protons (and 
neutrons) within the nucleus there will be 
aR?|~|p protons separated from the neutron- 
fluid (and a similar number of neutrons separated 
from the proton fluid). The total increase in po- 
tential energy will then be 27R?|£|py, where ¢ 
is the energy needed to extract one proton from 
its neutron environment (or one neutron from 
its proton environment). It is to be noted that 
yg is not the binding energy of protons (or neu- 
trons). This latter quantity is the difference of 
the potential energy and of the “zero-point” 
kinetic energy, whereas ¢ is that part of the po- 
tential energy which is due to the neutron- 
proton interaction. : 4 

For infinitesimal é-values the potential should 
vary as & rather than as |&|. We write k#/2 
+const. for the potential at small ¢-values. At a 
certain point =e we shall require the two ap- 
proximate potentials to join smoothly. Here e 
is the length within which the interaction be- 
tween a neutron and a nucleus changes from a 
zero-value outside the nucleus to a high value 
inside. Setting derivatives equal at =e we get 


27R*po=ke, 


or k=27R’p¢/e. The reduced mass to be used in 
the vibration is one-half of the mass of the pro- 
tons (or neutrons), that is (27/3) R*pm, where m 
is the mass of a single nucleon. Vibrations with 
zero Or one quantum of excitation have ampli- 
tudes small compared to e€ so that the frequency 
of the vibration is that of a harmonic oscillator. 
Taking the square root of the force constant 
divided by the mass we get for the angular fre- 
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quency 
39 


3 
wit) 
eRm 


and for the resonance energy 


3eh?\! 
ho=( ) ; 
eRm 
Setting e=2X10-" cm, ¢=40 Mev and using 
R=10-" cm for uranium, we obtain hw=16 
Mev. For copper we get Aw=20 Mev and for 
carbon hw=26.5 Mev. The agreement with the 
experiments is good. It must be remembered, 
however, that the assumed values of ¢« and ¢ 
are quite uncertain and thus the agreement ob- 
tained above is significant only in that the cor- 
rect order of magnitude of the resonance energy 
is found. 
For the vibration described above one finds 
that the total absorption is given by 


wAe* 
f odw = 
2mc 


where A is the mass-number of the nucleus. For 
copper this gives h {'odw=1 Mev Xbarn. Com- 
parison with experiment is difficult, since Bald- 
win and Klaiber do not give absolute values of 
the cross section in this case. The cross section 
of the Cu®(y,z) reaction for 17.5 Mev photons 
was, however, determined by Bothe and Gent- 
ner,‘ who find ¢=5 X10-** cm?. Using their value 
and the relative curve given by Baldwin and 
Klaiber one obtains 1 MevXbarn. The value 
deduced from these two experiments may easily 
be in error by a factor of about 5. The theoretical 
formula would change somewhat, if model III 
should be abandoned or if the difference in proton 
and neutron numbers should be taken into 
account. Furthermore, the value /odw was de- 
rived under the assumption that the wave-length 
of the y-ray is long compared to the nuclear 
radius. In the present case this condition is not 
very well satisfied. Finally, the effect of reactions 
competing with the (7y,”) process has been neg- 
lected. All these effects would result in a decrease 
in the theoretical /odw-values. Thus it seems 
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clear that the observed large values for this 
integral can be explained only if it is assumed 
that a considerable fraction of the nuclear charge 
participates in the absorption process. 

In the case of photo-fission in uranium, the 
experimental value of {«odw is about 15 times 
smaller than the theoretical figure. This may 
well be due to competition from the (y,m) re- 
action. In thorium the experimental value of 
J cdw for photo-fission is about 30 times smaller 
than the calculated value for the absorption 
cross section. 

The dependence of the frequency of the dipole 
vibration on the nuclear radius has further inter- 
esting consequences. For light nuclei the (7,7) 
reaction will occur with comparatively small 
probability, if a nucleus is exposed to a continu- 
ous x-ray spectrum with a fairly high upper limit. 
The nucleus absorbs only a narrow band of pho- 
ton energies and, in light nuclei, these energies 
are so high that they are apt to produce other 
reactions than the (y,”) process. For the lightest 
nuclei up to Z~7, it seems most likely that the 
excited nucleus will first emit an a-particle. This 
may be followed by further disintegration. For 
heavier nuclei the decrease in the resonance 
energy may cause the (y,”) process to become 
more probable, while for the heaviest nuclei the 
decrease in the binding energy of the neutron 
may favor the (y,2) process. 

Photo-fission for bismuth and lighter elements 
is likely to have small cross sections for the 
following reason. The theoretical photo-fission 
threshold, according to Frankel and Metropolis,° 
is 16 Mev for bismuth and it is higher for lighter 
elements. According to our present picture bis- 
muth does not absorb photons strongly above 
17 Mev. Thus the cross section is low at high 
energies because the y-ray is not absorbed, 
wheréas the resonance energy is so close to the 
threshold that competition from the (y,m”) re- 
action becomes strong. For lighter nuclei the 
frequency of the dipole vibration will be actually 
lower than the threshold. It is not clear how 
small the absorption of y-rays above the reso- 
nance will be and whether there are other reasons 
that make photo-fission an unlikely process for 
bismuth and lighter nuclei. Baldwin and Klaiber 


5S. Frankel and N. Metropolis, Phys. Rev. 72, 914 
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find that the photo-fission cross section of bis- 
muth is at least 10* times smaller than the cross 
section of uranium. 

It would be interesting to investigate the 
resonance scattering of photons by the dipole 
vibration. The value of /¢scattdw for this process 
should be a considerable fraction of the theo- 
retical value derived above for the absorption 
cross section. The resonance scattering will be, 
therefore, comparable in intensity to the Comp- 
ton scattering. The two kinds of scattering 
processes can be distinguished by their angular 
dependence. The Compton scattering will be 
observed in the forward direction. The resonance 
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scattering has, in the first approximation, an 
intensity proportional to sin*?, where #@ is the 
angle included by the direction ‘of the scattered 
radiation and the polarization direction of the 
primary y-ray. Deviations from the sin*? law 
are to be expected due to the finite radius of the 
nucleus. The scattered radiation may turn out 
to be a good source of fairly monochromatic 
y-rays. The investigation of the spectrum of 
these scattered rays may open a convenient 
way to study the breadth of the resonance, 
while a detailed study of the angular distribution 
may yield information about the current dis- 
tribution in the dipole vibration. 
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Gamma-gamma- and beta-gamma-coincidences have been investigated in the disintegration 
of the active isotopes Sc**, Ga”, Au!*8, and Rb®*. Gamma-gamma-correlation was found in Sc** 
and in Ga” but not in Au! or Rb**. The beta-ray spectra of Sc** and Au! are found to be 
simple on the basis of beta-gamma-coincidence measurements, while those of Ga” and Rb** 
are complex. Gamma-ray energies and beta-ray maximum energies were determined by ab- 


sorption methods. 


I. INTRODUCTION 


OINCIDENCE experiments, as described 

by Mitchell,! frequently are a great aid in 
establishing decay schemes for radioactive iso- 
topes. Experiments on the radiations from Sc**, 
Ga”, Au!®8, and Rb®* have been done, and the 
results are to be reported herein. The coincidence 
amplifier, which has a resolving time of about 
two microseconds, and its associated counting 
apparatus have been described previously.” 


II. SCANDIUM 46 


Peacock and Wilkinson? have measured the 
energies of the beta- and gamma-rays from Sc*® 
with a 180°-type magnetic spectrometer and 


1A. C. G. Mitchell, Rev. Mod. Phys. 20, 296 (1948). 

*E. T. Jurney and A. C. G. Mitchell, Phys. Rev. 73, 
1153 (1948). 

§C. L. Peacock and R. G. Wilkinson, Phys. Rev. 74, 
297 (1948). 





find gamma-ray energies of 0.89 Mev and 1.12 
Mev and beta-ray groups with end-point energies 
of 0.36 Mev and 1.49 Mev, with the 1.49 Mev 
beta-ray group very weak. 

A source was prepared on the Indiana Uni- 
versity cyclotron according to the reaction 
Sc*5(d,p)Sc**, and the resulting Sc** was purified 
chemically. Two silver-cathode glass counters 
were arranged with thick aluminum radiators to 
obtain gamma-gamma-coincidences. For the par- 
ticular geometrical arrangement which was used, 
the ratio of the gamma-gamma-coincidence rate 
to the rate of counting gamma-rays in one of the 
counters was measured to be (0.72+0.08) X 107°. 
From this it can be concluded that cascaded 
gamma-rays occur in the disintegration. 

Figure 1 shows that the ratio of the beta- 
gamma-coincidence rate to the beta-ray counting 
rate is independent of the thickness of absorber 
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placed between the source and the counter up to 
thicknesses around 0.06 g/cm?, which is only a 
little less than the thickness required to absorb 
completely the 0.36 Mev group. One concludes 
that the low-energy group is followed by at 
least one gamma-ray. The intensity of the high 
energy group reported by Peacock and Wilkinson 
is so low that it cannot be detected by absorp- 
tion methods; it is clearly impossible, then, to 
measure the ratio Ng,/Ne for this group. 

The results described here are in good agree- 
ment with those obtained by Mandeville and 
Scherb‘ and also are compatible with the dis- 
integration scheme proposed by Peacock and 
Wilkinson. . 


Ill. GALLIUM 72 


The method of coincidence counting has been 
used with Ga” by Mitchell, Jurney, and Ramsey® 
and by Mandeville and Scherb.* These two in- 
vestigations yielded results which were in very 
close agreement, namely, that the beta-ray spec- 
trum consists of two groups, with the low energy 
group having an end point somewhat under 1 
Mev. A niore careful investigation than the one 
reported by Mitchell, Jurney, and Ramsey has 
recently been made here. Again gamma-gamma- 
coincidences were observed, which indicate the 
presence of cascaded gamma-rays in’ the dis- 
integration. Figure 2 shows the result of the beta- 
gamma-coincidence measurements; the beta-ray 
spectrum is seen to be complex, with an inner 
end point in the neighborhood of 0.38 g/cm? or 
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Fic. 1. Beta-gamma-coincidences in Sc**. 
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0.92 Mev, according to the Feather range-energy 
relation. 

Mitchell, Zaffarano, and Kern’ have proposed 
a disintegration scheme for Ga” based on meas- 
urements made with a magnetic lens spectrom- 
eter, in which there are seven possible excited 
levels in the resulting Ge” nucleus. In their 
scheme roughly three-quarters of the transitions 
from Ga” involve beta-ray groups having end- 
point energies of 1.0, 0.74, and 0.56 Mev. The 
remaining transitions to Ge” are through one of 
four relatively weak groups, the most energetic 
of which has an end point at 3.17 Mev. One 
would expect the ratio Ng,/Nz to increase slowly 
from an absorber thickness corresponding to this 
energy to a thickness corresponding to about 1 
Mey, according to this scheme, and to increase 
much more rapidly from there up to zero thick-* 
ness. The counting errors are too large to deter- 
mine the slope of the curve in the 1-3 Mev 
region; Mandeville and Scherb’s curve appears 
to indicate a dependence of Ng,/Ng on the ab- 
sorber thickness there, however. Coincidence 
methods cannot be expected to confirm com- 
pletely such a complex scheme as Mitchell, 
Kern, and Zaffarano’s, but the results here 
are not in disagreement with their scheme. 


Iv. GOLD 198 


Clark,’ Norling,? and Mandeville and Scherb’® 
have performed experiments on Au?%* which 
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Fic. 2. Beta-gamma-coincidences in Ga”. 
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give a value of Ng,/Ng which is independent of 
beta-ray absorber thickness. These authors dis- 
agree, however, in that Clark and Mandeville 
and Scherb find gamma-gamma-coincidences 
while Norling does not. The findings of Clark 
and of Mandeville and Scherb are supported 
by the spectrographic measurements of Levy 
and Greuling" in which gamma-rays of 0.157, 
0.208, and 0.408 Mev were detected. Measure- 
ments by Siegbahn” and by Peacock and Wilkin- 
son? fail to show more than one gamma-ray 
occurring in the disintegration. 

A preliminary investigation here™ yielded a 
value of N,/N,=(—0.038+0.02)x10-* for 
Au!*8, The counters which were used for that 
measurement had lead cathodes to improve the 
sensitivity for counting gamma-rays. Absorption 
of low-energy gamma-rays by the counter walls 
was rather high, although the 0.157 and 0.208 
Mev lines reported by Levy and Greuling still 
would reach the counter gas with 25 percent and 
42 percent of their initial respective intensities. 

Recently another attempt has been made to 
find gamma-gamma-coincidences. Two silver 
cathode glass counters were arranged 6.3 cm 
apart with the source midway between them. 
Each counter was shielded from the source by a 
0.4 cm thickness of aluminum. Using an un- 
purified source which was prepared according to 
Au!®7(n,y)Au!% a value of Ny,/N,=(0.043 
+0.012) X10-* was found. The experiment was 
then repeated, with the same geometry, but 
with a source which had been given chemical 


1 P. W. Levy and E. Greuling, Phys. Rev. > 83 (1948). 
2 K. Siegbahn, Proc. Roy. Soc. 189, 527 (19 47). 
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Fic. 4. Beta-gamma-coincidences in Rb**. 





separation from possible mercury contamina- 
tion, and a value of N,,/N,=(0.022+0.01) 
<10-* was found. This small value is not in- 
terpreted as being significant, especially since 
no particular pains were taken to prevent co- 
incidences arising from scattering. 

The gamma-gamma-correlation found by Clark 
was very low, and might be ascribed to a small 
amount of contamination of his source by some 
other active isotope, as he does not indicate 
that his source had been given any chemical 
purification after bombardment. The gamma- 
gamma-coincidence rate found by Mandeville 
and Scherb might also be due to an impurity, 
especially if their pile irradiation was a long one. 

Figure 3 gives the ratio Ng,/Ng as a function 
of beta-ray absorber thickness, of which it is 
seen to be independent. This indicates a simple 
beta-ray spectrum and is in agreement with the 
results of Clark, Norling,.and Mandeville and 
Scherb. 

From the results here one would conclude that 
Au!®8 disintegrates by the emission of a single 
beta-ray, and that the resulting excited Hg! 
nucleus reaches its ground state by the emission 
of a single gamma-ray. 


V. RUBIDIUM 86 


A source of Rb** was produced by neutron 
irradiation in the Clinton pile and was separated 
from cesium in an ion exchange column. The 
absorption of the beta-rays in aluminum was 
determined, and the resulting data were analyzed 
by the method proposed by Bleuler and Ziinti," 
which showed beta-ray groups with end points 


“E. Bleuler and W. Ziinti, Helv. Phys. Acta 19, 375 
(1946). 
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at 1.82 Mev (~67 percent) and 0.56 Mev (~33 
percent). The maximum gamma-ray energy was 
found to be 1.12 Mev by coincidence absorption 
of Compton recoil electrons produced in an 
aluminum target. 

Figure 4 shows the result of beta-gamma- 
coincidence measurements. It is evident that no 
coincidences are present for beta-ray absorption 
thicknesses greater than 0.23 g/cm? of aluminum, 
which corresponds to 0.62 Mev. Hence the transi- 
tions which involve the 1.76 Mev beta-ray group 
lead directly to the ground state of Sr**. Those 
coincidences which appear between this ab- 
sorber thickness and zero absorber thickness are 
to be ascribed to disintegrations which involve 
the low-energy beta-ray group. No evidence of 
gamma-gamma-coincidence could be found; it is 
to be concluded that the low energy group of 
beta-rays leads to a 1.12 Mev level of Sr**, which 
in turn goes to the ground state with the emis- 
sion of a single gamma-ray. 


N. GINSBURG 


The spectrum of Rb** has recently been meas- 
ured in a magnetic lens by Zaffarano, Kern, and 
Mitchell,!5 who found one gamma-ray of energy 
1.081 Mev and two beta-ray groups with end 
points at 1.822 and 0.716 Mev. The results de- 
scribed in the present paper confirm their results. 
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An extension of the pure rotational energy levels for H2O and D,O is made in order to obtain 
new possible microwave transitions. For H:O the levels are given through J =14 and for D,O 
through J = 15. Additional assignments are made in the previously observed absorption spectra. 
The Wang secular determinant for the asymmetric rotator is expanded, and equations for the 
the energy levels of J=12, 13, 14, and 15 are given in terms of the asymmetry parameter. 


INTRODUCTION 


HE calculation by Van Vleck! on the 
absorption of microwaves by water vapor 
showed an absorption greater than the amount 
predicted by the theory as developed. An effort 
to account for the residual absorption on the 
basis of line widths was unsuccessful. It was 
thought that the additional intensity might be 
accounted for by an accidental coincidence with 
* The calculations and energy levels for H2O were pre- 
sented at the Symposium on Molecular Structure and 


Spectroscopy, Ohio State University, Columbus, Ohio 


(June, 1947). 
3J. H. Van Vleck, Phys. Rev. 71, 425 (1947). 


a line corresponding to a transition value between 
levels of J higher than 11. The absorption 
spectrum of water vapor had previously been 
observed and analyzed by several investigators, 
the most satisfactory and complete analysis being 
that of Randall, Dennison, Ginsburg, and Weber? 
(hereafter referred to as RDGW). They obtained 
the pure rotational spectrum in the region from 
140 to 555 cm and combined their results with 
those of Wright and Randall* in the longer wave- 

? Randall, Dennison, Ginsburg, and Weber, Phys. Rev. 
52, 160 (1937). 


3N. Wright and H, M, Randall, Phys. Rev. 44, 39 
(1933). 














TaBLE I. The rotational energy levels of the H.O 
molecule. The levels for the J=11 and the lower levels for 
the higher J values are taken from RDGW. W is the dif- 
ference between levels obtained from the spectrum and 
those calculated from solution of the rigid asymmetric top 


equations. 











P 11 12 13 14 
eA Ww é6w Ww 5w w sw W. sw 
14 4971.3 648.2 
13 4353.6 503.0 4971.3 648.2 
12 3768.88 380.49 4353.6 503.0 4701.5 494.6 
11 3218.55 279.19 3768.88 380.49 4090.9 373.6 4701.5 494.6 
10 3218.55 279.19 3514.88 273.90 4090.9 373.6 4432.0 372.7 
9 2974.88 193.68 3514.88 273: 3832.0 272.7 4432.0 372.7 
8 2974.88 193.68 3267.69 192.57 3832.0 272.7 4172.5 273.0 
7 2741.42 130.06 3267.69 192.57 3584.1 192.9 4172.5 273.0 
6 2741.42 130.06 3033.78 130.31 3584.1 192.9 3943.5 197.9 
5 2523.08 83.77 3033.78 130.31 3351.5 130.5 3943.5 197.9 
4 2523.08 83.77 2815.03 85.73 3351.5 130.5 3689.0 136.4 
3 2322.82 52,51 2815.03 85.71 3128.5 91.9 3689.0 136.4 
2 2322.77 52.47 2612.94 58.39 3128.5 91.8 3466.9 99.1 
1 2145.17 33.80 2613.21 57.79 2933.2 623 3466.9 99.2 
0 2144.06 33.26 2438.16 41.51 2930.4 62.4 3273.8 69.8 
—1 2000.71 25.74 2435.69 39.46 2765.6 44.0 3273.9 66.0 
—2 1984.20 26.65 2297.61 41.02 2756.7 42.1 3118.7 55.6 
—3 1898.56 27.39 2273.36 34.52 2636.1 453 3094.1 53.7 
—4 1840.14 22.39 2209.98 32.98 2594.2 343 3003.2 49.7 
— 5 1811.21 25.36 2116.21 34.64 2543.1 39.7 2928.7 42.9 
—6 1694.71 14.26 2107.08 28.68 2431.0 28.6 2896.2 46.2 
—7 1691.13 14.64 1962.20 18.55 2419.2 324 2754.6 33.5 
—8 1525.65 7.68 1961.00 1830 2243.5 27.9 2746.3 37.8 
—9 1525.36 7.80 1775.26 10.36 2242.7 28.1 2545.7 35.0 
—10 1327.58 4.33 1775.26 10.30 2043.0 13.5 2545.4 34.9 
—11 1327.58 4.33 1558.42 6.03 2043.0 13.5 2332.6 18.8 
—12 1558.42 6.03 1807.4 82 2332.6 18.8 
-13 1807.4 82 20743 10.9 
=f 2074.3 10.9 














length region to obtain all energy levels through 
J=11, together with some for higher J values. 
Some of the lines they observed were not 
assigned. In addition there was available the 
prism measurements made by Weber and 
Randall* which extended the absorption spectrum 
of water vapor to shorter wave-lengths. It was 
thought possible, by using these measurements, 
to extend the analysis. 

A number of absorption lines in the spectrum 
of D.O as observed by Fuson, Randall, and 
Dennison® (hereafter referred to as FRD) had 
not been assigned. It was thought worth while 
to extend the calculations made for HO to 
include the DO molecule as well and obtain 
assignments for as many of these lines as possible. 


CALCULATION 


It was necessary to extend the equations ob- 
tained by Nielsen® from the Wang secular 
determinant for the asymmetrical rotator. He 
had obtained the equations through J=10, and 





a 933) R. Weber and H. M. Randall, Phys. Rev. 40, 835 
sd N. Fuson, H. M. Randall, and D. M. Dennison, Phys. 
Rev. 56, 983 (1939). 
°H. H. Nielsen, Phys. Rev. 38, 1432 (1931). 
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in the paper of RDGW that for J = 11 was added. 
The equations for the higher J values, through 
J =15, are given in the Appendix. 

Making use of the values previously assigned 
by RDGW for the moments of inertia of the 
water molecule, namely 


h/8n°cA =27.8055, h/8x*cB =14.499724, 
h/8x*cC = 9.279276 


giving the parameter of 5b the value —0.164 
exactly, these equations were solved for the 
energy levels. The values through J=14 were 
obtained for H.O and through J=15 for D.O. 
Since the mass of the molecule is less for the 
former than for the latter, the spectrum extends 
to higher frequencies. In this region the wave- 
lengths, and consequently the frequencies, are 
known with much less accuracy since they were 
obtained by prism spectrometer measurements. 


TABLE II. New assignments in the spectrum of H,0. The 
last fourteen lines are from Weber and Randall’s prism 
measurements. 











Assignment Assignment 
cm=! Jr’'—Jr . cm7! Je'eSe 
550.33 1212 —1110 280.46 13_, —12_7 

12, —11yn 267.73 13_19— 12_10 
13, —12; 266.94 12_, —11_4 
13, —12¢ 266.29 12_, —11_¢ 
536.48 13, —12; 200.44 13_3 —12_; 
134 —12, 188.28 14_2 —13o 
14. —13 152.55 13_; —12; 
526.27 12; —I1l1, 139.84 12_2. —11o 
12, —11,7 
519.81 13_3; —12_; 617.7 144, —1312 
518.09 14, —13_2 1413 —1313 
515.27 12_,4 —11_¢ 610.6 1442 —1310 
133 —12, 14, —1311 
13. —12. 600.0 1419 —133 
502.45 14_19—13_3 14, —13, 
492.22 12, —IAle 592.0 14, —13, 
12; —11; 14, —13, 
139 —129 584.7 1313 —121 
~ 13.1 —12_; 1312 —1212 
472.68 13_2 —12_: 14, —13,4 
468.88 122 —1lo 14, —13; 
468.04 12; —11, 580.7 13_5 —12_, 
458.05 14_3; —13_; 576.0 131; —12, 
453.96 125 —11_2 1319 —1210 
443.90 12_. —11 4 564.3 135 —127 
434.98 12_,; —11_; 13, —12s3 
385.58 14_, —13_, 560.5 14, —13, 
384.21 13_4 —12_, 14, —13; 
374.80 12_3; —11_3; 540.0 1210 —1ls 
335.34 14_, —13_7 12, —Ily 
323.90 13_¢ —12_. 533.7 14, —13; 
303.00 13_7 —12_5 497.5 13, —12_1 
14_5 —13_,5 315.32 14_, —13_¢ 
302.04 14_, —13_4 305.00 12_, —11_; 
289.65 14_1—-13_1 
282.45 13_, —12_.3 
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TABLE III. The rotational levels of the D2O molecule. The J=11 levels are taken from FRD as are some of the levels 
for the higher J values. The levels with subscript c are calculated from series. W— Ws is the difference from the ‘‘key”’ 
energy levels and W the difference from the rigid asymmetric rotator calculations. 








NJ 
™ 


13 14 15 
W—-Ws WwW W-—Wi Ww é6w 





1837.89 
1837.89 
1672.71 
1672.71 
1519.60 
1519.60 
1378.56 
1378.56 
1250.97 
1250.95 
1139.78 
1139.63 
1046.21 
1042.03 
979.36 
960.32 
931.60 
882.26 
876.94 
794.33 
793.96 
692.57 
692.57 
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—13 
—14 


2512.54 
2512.54 
2324.30 
2324.30 
2147.87 
2147.87 
1982.04 
1982.04 
1828.36 
1828.36 
1687.26 
1687.26 
1561.23 
1561.23 
1449.93 
1448.37 
1367.36 
1352.40 
1307.28 
1265.40 
1253.78 
1172.80 
1170.75 
1065.25 
1065.25 

943.75 

943.75 


3280.37- 271.95 
3280.37. 271.95 
3069.20 213.73 
3069.20 213.73 
2871.84 162.44 
2871.84 162.44 
2680.94 122.50 
2680.94 122.50 
2502.97 88.54 
2502.97 88.54 
2340.65 58.96 
2340.65 58.96 
2189.98 37.29 
2189.98 37.29 
2045.71 
2045.71 
1922.11 
1921.60 
1819.58 
1815.36 
1750.13 
1712.21 
1688.50 
1616.18 
1613.05 
1508.28 
1507.79 
1374.7 
1374.8 
1233.4 
1233.4 


2885.21 © —12.56 
2885.21 —12.56 
2685.50 —12.47 
2685.50 —12.47 
2499.17 —5.23 
2499.17 —5.23 
2319.74 —3.08 
2319.74 —3.08 
2154.61 2.03 
2154.61 2.03 
2001.15 3.86 
2001.15 3.86 
1861.08 7.09 
1861.08 7.09 
1737.00 7.87 
1737.19 7.36 
1625.05 2.46 
1624.73 5.68 
1549.64 5.25 
1526.80 3.55 
1490.80 1.72 
1431.50 1.95 
1427.90 5.46 
1331.60 5.23 
1331.35 5.61 
1215.2 3.01 
1215.0 3.01 
1083.8 2.47 
1083.8 2.47 


— 8.60 
— 8.60 
—7.13 
—7.13 
—3.01 
—3.01 
0.31 
0.31 
2.18 
2.18 
4.62 
4.62 
5.43 
$.55 
2.73 
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Thus it was not thought worth while to go 
beyond J=14 values for HO. 

The calculated energy levels were then cor- 
rected for centrifugal stretching by the method 
of RDGW and compared with the observed 
spectrum. It was possible to extend the energy 
level scheme through J=14. The results are 
given in Table I. The table includes the results 
for J=11 as given by RDGW. 6W is the dif- 
ference between the experimentally determined 
energy, W, and the calculated value as obtained 
from the solution of the equations. The pro- 
gressions of the 6W continue in much the same 
fashion as for smaller J values. Similarly, various 
series approximating the symmetric rotator’ with 
rotation about either the axis of greatest or least 
moment of inertia can be extended. Both methods 


_ The two levels of greatest + value degenerate into a 
single level with k=J, the next two have a k=J—1, and 
so on. For the rotation about-the axis of greatest moment 
the two levels with the largest negative value of +r de- 
generate into a single level with k=J, the next two higher 
into a level with k=J—1, and so on. 


apply to these additional energy levels. Table II 
gives the observed rotational lines used in this 
extension with the new assignments. 

For the case of the rotational levels of D.O, a 
sirhilar method was applied. As in the paper of 
FRD, it was possible to apply the proper mass 
correction to the 6W’s as obtained from H,0O. 
This gave a set of “‘key”’ levels which were then 
used to obtain the proper transition frequencies. 
It was possible to do this for all levels through 
J =14. For the 31 levels of J=15, only the extra- 
polated progression of the 5W’s was possible 
since no terms for H.O were available. Table II] 
gives the additional energy levels thus obtained 
for D.O and the difference between the actual 
and “‘key”’ levels. For J/=15, 6W is given. Table 
IV gives the observed lines used and their new 
assignments, 


DISCUSSION AND SUMMARY 


The results for HO are a straightforward ex- 
tension of previous work. There are one or two | 
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TABLE IV. New assignments in the spectrum of DO. 








Assignment Assignment 
J r’ '—J T e ve 


Assignment | 
pe rr” Sr 





1533 —141 15_; —14_; 
1512 —1412 15_2 —14_2 
144, —1312 le 12_, —11_s 
14:3 —1313 . 12, —1l, 
1511 —149 12; —11, 
1510 —1410 i 149 —13_2 
1412 —1310 : 13, —12; 
14 —131 13, —122 
—14, 14_,; —13_, 
13_, —12_7 
14_,4 —13_. 
13, —12_; 
139 —12o 
14_, —13_,4 
15_, —14_,4 
13_3; —12_; 
13_, —12_; 
14_; —13_3 
13_2 —12_2 
12_2 —11_4 
. 15_, —14_. 
—13, , 14_, —13_5 





13_7 —12_¢ 
15; —14, 
152 —14- 
1212 —1110 
12n —11n 
135 —12, 
133 —12, 
14, —13, 
14, —135 
1219 —1l1s 
125, —IAly, 
137 —12; 
13, —12, 
14, —13- 
14, —13; 
15; —14_; 
159 —145 
12, —I11. 
127 —11, 
13, —12; 
134 —12, 


14_, —13_: 








slight irregularities in the symmetric top ap- 
proximation series necessitated by the probable 
inaccuracies of the prism data. It will be ob- 
served that the 6W values increase until for the 
highest + value for J=14 group of levels, it 
reaches 648.2 cm='!. Most of this is a centrifugal 
stretching correction and its magnitude indicates 
that higher order terms than the first must be 
used in a perturbation calculation. 

In the case of the D.O rotation terms, the cal- 
culations revealed that some changes should be 
made in the FRD assignments for the levels 
beyond J=11. Those for which new values have 
been obtained are 12,2, 12n, 133, 132, 13, 13p, 13_s, 
and 149, The changes in these levels were made 
in order to satisfy observed 5W progressions and 
at the same time keep the series regular. An 
additional 42 lines observed by FRD were given 
assignments. The top levels for /=15 were cal- 
culated since the transitions from the comparable 
levels for J=14 were beyond the range of the 
observations of FRD. This is indicated in Table 
III. 

It will be noticed that most of the levels are 
based on the assignment of one transition only. 
Calculations on intensities have shown that lines 
other than those given are weaker by a factor of 
five at best. Since the intensities of the lines used 
are nearly at the weakest observable strength, it 


is probable that the others would not have been 
observed. 

On the basis of these extended assignments for 
the energy levels of H,O, it will be observed that 
only one other transition could be expected to 
contribute absorption in the spectral region now 
available to microwave technique. This is the 
transition 13_;-14_». It would give rise to an 
absorption at 2.5 cm—. By virtue of Boltzmann 
factors only, the lower state for this transition, 
which is at 2543.1 cm~, has a population 0.33 
percent of the population of the lower state for 
the well-known 1.35 cm~ (5_:—6_s5) absorption. 
It is difficult to see how this 2.5 cm™ transition 
could influence the Van Vleck calculation suf- 
ficiently to account for the observed differ- 
ence. 

In the D.O energy level extension, it can be 
seen that several more transitions would be 
allowed on the basis of selection rules. A group 
of transitions should appear at 4.56 cm—!. These 
are 12;—11g, 12,—113,® 137-4125, 1361210, 
143-1310, 14,—1311, 159—1411, 153— 1412. An- 
other pair of allowed transitions, 141.—15. and 
14,—15,7, should give rise to an absorption at 
3.80 cm. 


8 Previously calculated by G. W. King, R. M. Hainer, 
and P. C. Cross, Phys. Rev. 71, 433 (1947). 
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APPENDIX 


The extension of the asymmetric rotator equations, which were solved for the H,0 and D.O 
molecules, are here given. 


Equations for J=12 


W* — W®(286+78b) + W4(28,743+22,230b — 17,1216?) — W*(1,234,948+2,219,724b —3,980,340b? 
¥ 884,9885*) + W?(21,967,231+94,106,220b — 301 ,092,246b?= 185,257,332b? +-53,971,9835*) 
— W(128,816,766+ 1,619,337,798b —8,499,796,5006?+ 11,599,949,556b8 + 7,751,468,790b4 
+ 1,304,412,1745*) + 108,056,025 +8,428,369,950b — 72,069,547,473b?-213,220,651,6445* 
+246,759,212,0076'+ 113,153,886,846b° — 15,740,160,9755°=0. 


W* —364W*+ (48,048 — 14,1966?) W4— (2,846,272 —4,256,928b?) W*+ (75,851,776 —424,427,328b? 
+32,271,408b*) W? — (791,691,264 — 16,313,696,256b?+-6,226,294,464b*) W+-2,123,366,400 
+2,123,366,400 — 198,078 ,676,992b?+ 267,622,115 ,328b4 —4,247,640,0000° = 0. 


W? —364W*+ (48,048 — 26,2086?) W* — (2,846,272 —8,581,248b?) W4+ (75,851,776 —984,282,6246? 
+137,928,960b*) W* — (791,691,264 —48,263,694,336b?-+ 137,928,960‘) W* — (791,691,264 
—48,263,694,336b?+ 34,624,392,192b*) W?+ (2,123,366,400 —981,410,217,9845? 
+2,586,048,049,152b4—99,221,815,296b°) W+-6,376,469,299,200b? — 56,815,669 ,886,97654 

+11,330,631,696,384b° =0. 
Equations for J/=13 
W*— 364W*+ (48,048 — 21,4766?) W4 — (2,846,272 —6,272,032b?) W* + (75,851,776 —611,444,2885" - 


+83,727,280b*) W? — (791,691,264 — 23,066,394,624b?+ 14,889,551,040b*) W+2,123,366,400 
— 275,898,286,0805?-+-599,267,911,680b' — 29,688,120,0005° = 0. 


W?—364W*+ (48,048 — 37,856b2) W* — (2,846,272 — 12,168,832b2) W#+ (75,851,776 —1,374,883,32802 
+312,981,760b) W*— (791,691,264 — 66,634,573,8246?+74,560,711,680*) W2-+(2,123,366,400 
—1,344,077,660,1605?-+5,339,879,976,960b' —440,565,350,4005*) W+8,695,185,408,0000 

— 113,553,686,937,600b!+43,584,616,857,6005° = 0. 


W? — (4554916) W°+ (77,077 +41 ,314b — 25,5716?) W® — (6,092,515+6,972,693b — 10,048,6235? 
¥ 1,606,2415*) W4+ (230,673,443 +547 ,446,172b — 1,395 ,802,590b?+ 592,098,0525' 
+134,427,475b*) W* — (3,841,278,805 + 20,443,837,141b —83,663,110,622b°-74,088,692,6785° 
+39,368,434,10564+4,473,628,7055°) W?+ (21,878,089,479 + 329,112,534,114b —2,094,866,377,8395" 
¥ 3,674,515,896,324b' + 3,427 ,662,556,66554+ 1,042,576,770,6900° — 100,140,527 ,025b°) W 
— (18,261,468,225 + 1,661,793,608,475b — 16,727,518,198,755b?-F59,825,780,628, 70558 
+87,396,258,340,75564+55,150,844,763, 10555 — 13,131,815,922,225b° 705,556,726,875b7) =0. 


Equations for J=14 


W7 — (455+1056) W*+ (77,077 +47, 6706 — 36,9396?) W* — (6,092,515 +8,045,415b — 14,419,8950? | 
¥ 2,764,7556*) W*+ (230,673,443 +631 ,668,660b — 1,940,497,9026°--994,665,4205' 
+303,873,5076*) W* — (3,841,278,805 +23,589,042,855b — 114,588,599, 79052 121,872,781,1705* 
+83,968,308,58564+13,053,862,3955°) W?+ (21,878,089,479+ 379,745 ,231,670b —2,834,763,235,9590" 
¥5,937,152,549,580? + 6,965 ,688,307,1135!+2,821,662,850,230b5 —437,000,843,0975°) W 
— (18,261 ,468,225 +1,917,454,163,6255 — 22,431 ,187,875,9150?-F95,235,419,445,0755° 
+170,680,813,811,23564+ 140,314,118,838,07555 — 49,036,115 ,840,9855°+5,524,796,502,22557) =0 


W? —560W®+ (119,392 — 31,5846?) W> — (12,263,680 — 15,110,400?) W4+ (633,721,088 
— 2,605,220,3526?+ 202,551,5526*) W* — (15,658,639,360 — 198,942,965, 760b?+ 71,275,438,0805*) W? 
+ (157,294,854,144 — 6,582,989, 144,064b?+-7,586,985,443,328b* — 181,233,303,552b°) W 
— (416,179,814,400 — 73,342,526,423,040b2-+ 241 ,683,710,607,360b' — 28,054,235,381,760b%) =0. 
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W8—560W7+ (119,392 —53,424b?) W* — (12,263,680 — 27,253,440b?) W*+ (633,721,088 
—5,164,169,472b?+ 671,805,792") W4— (15,658,639,360 —456,545,940,480b? 
+280,317,784,320b*) W* + (157,294,854,144 — 19,393,045,807,104b?-+ 39,714,028,697 08854 
—1,752,049,619,7126°) W?— (416,179,814,400 — 364,086,983,393,2806?+ 2,239,771,868,651,52054 
—463,515,825,669,1206°) W —2,272,341,786,624,000b? +-41 917 ,266,749,030,40054 
— 27,807 ,458,557,132,800b* + 292,220,641 ,440,000' = 0. 


Equations for J=15 


W?—560W®+ (119,392 —45,024b?) W>— (12,263,680 — 21,131,520b?) W4+ (633,721,088 
— 3,582,761 ,4726? + 446,683 ,392b*) W* — (15,658,639,360 — 269,665,566,720b?+ 148,917,557,600b*) W? 
+ (157,294,854,144 —8,815,336,341,504b?+ 15,143,568,703,488b4 — 765,344,858,112b°) W 
— (416,179,814,400 —97,254,038,568,960b? + 464,234,875 ,453,440b4— 102 ,410,704,650,2405°) =0. 


W8—560W7 + (119,392 — 73,5846?) W* — (12,263,680 — 37,010,880b7) W* + (633,721,088 — 6,929,079,5525? 
+1,351,635,552b*) W* — (15,658,639,360 — 606,530,995 ,2006?+-543,110,088,9605*) W* 
+ (157,294,854,144 —25,566,948,900,864b?+ 74,548,539,606,528b4—5,852,150,007,5525°) W? 
— (416,179,814,400 —477,458,328,453,120b?+4,096,623,324,487,6805! — 1,417,629,505,582,080b°) W 
— 2,971,523,874,816,0005?+ 75,109,687 ,846,502,400b4 — 79,245 ,961,379,020,8005° 
+2,531,209,111,200,0005% = 0. 


W8— (680 +1200) W?+ (179,452 +81 ,480b —52,164b?) W* — (23,434,840+ 21,452,760 — 31,318,2000? 
+4,588,9206*) W>+ (1,601 ,489,318+2,790,728,040b — 7,040,225,0526°-F 2,634,185 ,880b* 
+651,554,982b*) W4 — (55,742,803,480+ 189,387 ,990,120b — 745,037,531,280b?-F553,580,725,6805° 
+312,586,120,44064+ 35 ,246,395,080b°) W* + (886,165,820,604+6,499,748,427,480b 
— 38,237 ,034,993,084b?= 52,593,125,379,1206? + 50,971,318,438,788b4 + 14,699,387 ,983,320b° 
—1,727,702,682,3726°) W? — (4,940,831 ,601,000+99,840,150,045 ,000b — 873,799,877,112,1205? 


2,225 ,322,266,189,4005* + 3,306,291 ,533,482,6805'+ 1,880,691,146,285,4005° 

—517,541,613,851,8806°+ 37,269,826,288,200b") W+4,108,830,350,625 +493,059,642,075,0005 

— 6,630,772,426,582,5006°=F 32,929,424,899,875,0005* + 70,864,421,323,062,15054 

+73,249,613,224,893,0000° — 35,034,611,605,251,300b°+6,726,596,373,189,000b’ 
+306,917,176,190,6255°=0. 
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The motion of charged particles traveling with relativistic energies in a uniform magnetic 
field superimposed at right angles to the electric field of a cylindrical condenser has been inves- 
tigated. Expressions for the angle at which first-order focusing of a divergent beam of particles 
occurs and first approximations to the line breadth as well as dispersion in velocity, momentum, 


and energy are given. 





INTRODUCTION 


HE motion of charged particles traveling 

with non-relativistic energies in crossed 
electric and magnetic fields has been investigated 
by W. Henneberg.! His formulas are in a con- 
venient form and are sufficiently accurate to be 
used in the design of an apparatus employing 
ions traveling with kinetic energies which are 
very much less than their proper energy. How- 
ever, if these formulas are applied to systems 
employing particles with kinetic energies which 
are of the order of five percent or more of their 
proper energy, an error may result. 

The purpose of this paper is to extend Henne- 
berg’s results to include particles with relativistic 
energies. The notation used here will be the 
same as that used by Henneberg. 


EQUATIONS OF MOTION 


The field configuration considered is a super- 
position of the electric field E of a cylindrical 
condenser and a homogeneous magnetic field H 
directed parallel to the cylinder axis. A schematic 
cross section of the field is shown in Fig. 1. The 
equations of motion will be described in terms of 


Fic. 1. A schematic representation of the field con- 
figuration considered. The positive direction of E, H, and 
¢ are indicated. 


* This work has been supported in part by Navy Con- 
tract N5 ori-76, Task Order IV, Part D. 
1W. Henneberg, Ann, d, Physik 19, 335 (1934). 


the cylindrical coordinates r and g with origin 
at the center of curvature of the condenser and 
z axis along the axis of the condenser. 

In such a field a charged particle of relativistic 
mass m and charge e at 7, moving with angular 
velocity w=dg/dt and radial velocity 7, will 
satisfy :** 


d(m7) /dt =mrw? —eE — Herw/c, 
d(mr*w —4Her*®/c)/dt=0, (2) 
d(mc?) /dt = —eE;. (3) 


The positive direction of E, H, and ¢ is indicated 
in Fig. 1. 

From Eq. (1) it is seen that the electric and 
magnetic field strengths may be adjusted so that 
the electric force and the centrifugal force have 
a resultant which is just canceled by the radial 
magnetic force acting on the particle, thereby 
making the radial momentum constant in time. 
With the field strengths adjusted so that this 
condition is realized, a charged particle traveling 
initially with a velocity v)=rowo which has no 
radial component will describe a circular orbit 
of radius ro. 

In order to satisfy this condition for circular 
orbits, it is clear that the ratio of the electric 
force to the centrifugal force may be any positive 
or negative number so long as the radial mag- 
netic force is adjusted to cancel the combined 
electric and centrifugal forces. Because of this 
generality, Henneberg introduced the parameter 
y which he defined as follows: 


y = (eE/mrwo*)0.*** (4) 


** This consideration will be confined to particles moving 
in the plane z=0. 

*** The zero subscript on an expression in parentheses 
indicates that the expression is evaluated at ¢=0. The zero 
subscript on a single symbol not in parentheses denotes the 


(1) 
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The notation may be simplified slightly by 
making the following substitutions: 


|eH/mc|=h; +|eE/m| =&/r. (5) 


(6 will be positive or negative depending on 
whether the electric force acting on the particle 
is directed inward or outward.) It is to be noted 
that in this form the spatial variation of E is 
stated explicitly. 

By expanding the left member of Eq. (1) and 
making use of Eqs. (3) and (5), Eq. (1) becomes 


#— (6/r) (7/c?) =rw® —&/r —hrw. (6) 
Integration of Eq. (2) gives 
mrrw— zmhr? = C= (mr’a —4mhr*)o. (7) 


From Eq. (3) it follows that m may be expressed 
as a function of r alone. Then w may be expressed 
as the following function of r, 


w=C/mr?+$h, (8) 


and eliminated from (6) giving 
#—(6/r) (7?/c?) = C?/m?r’—3h?r—6/r. (9) 


FIRST-ORDER SOLUTION: FOCUSING 


Consider a source of particles located at r=rp, 
y=0. The field strengths are adjusted so that a 
particle with speed rowo will describe a circular 
orbit if it leaves the source with zero radial ve- 
locity. Particles which satisfy these initial con- 
ditions must by (6) satisfy 


rwo’ = &o/rot+ horowo (10) 


as well as 
Co= (m) or o?wo — 3 (mh)r¢?. (11) 


The motion of particles which diverge initially 
from the circular orbit by an angle a@ (see Fig. 1) 
but have the-same speed rowo may be described 
in terms of a and the parameters characterizing 
the circular orbit. To do this, the variables r and 
w and the parameter C are expressed in terms of 
power series in a, namely: 


r=rotanitoar+---, 
w=wotawitarwet---, 


C=Cotalita*C2+---. 


If a is small, the terms involving a to a power 


(12) 


value of the quantity associated with the stable or circular 
orbit. The only exception is mo which is taken to be the 
symbol for the rest mass of the particle. 


Fic. 2. A plot of the angle of focus @ versus the absolute 
value of the field parameter y for three values of the 
relative speed of the particle, B=rqwo/c. 


higher than the first may be neglected in Eqs. 
(12). 

In order to find the differential equation r; 
must satisfy, terms containing powers of a higher 
than the first are neglected and Eq. (9) is 
expanded by Taylor’s series. That is, 


f(rot+ear:) =f(r0)+ (df/dr) oars. 
Then upon equating coefficients of a, 
#1 = 2CoC1/(m?) oro? — (3C?/mro*) ori 
— (2C?/m*ro’)9(dm/dr) or: —4(h?)or1 
—4(hro)o(dh/dr)or1 —[d(6/r)/dr Jor. 


This equation may be simplified by rewriting 
the expression on the right in terms of wo, y, and 
B, where B=rqwo/c. In regard to C? it should be 
noted that from Eq. (7) it follows that 


(w1)0= (Ci/mr*)o. 


However, since only particles which have the 
speed row are being considered, it is seen that 


(13) 


(rw)o=7ro(wotawit awe) 
= 9w9 COSA = 7o(wo— Fa*wW9). (14) 
Then (w1;)9=0, hence C;=0 and C?=C,? to terms 
of first order in a. 
The simplified form of Eq. (13) is 
71= ~—[1i+y(1 — B*) JuoPr. (15) 
The solution of this well-known differential 


equation subject to the initial conditions 7;=0, 
71=fowo at ¢=0 may be written at once: 


ro Sinwo[ 1+y?(1 —B?) ]3t 
n= . 


[1+y?(1—6?) } ™ 
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So, to terms of first order in a, r becomes equal 
to ro when the particle has swept through the 


angle 
g==7(1+y°(1—6*) J. (17) 


A plot of © versus the absolute value of y is 
given for three values of 8 in Fig. 2. 


SECOND-ORDER SOLUTION: LINE BREADTH 


When second-order terms are taken into 
account it will be found that the image of the 
source formed at g=®@ is ‘‘smeared out” on one 
side or the other of 79 by an amount which 
depends on a?. The extent of the smearing out of 
the image is referred to as the line breadth and 
is denoted by B. As a first approximation of B, 
r2 will be found and evaluated at g=®. 

To find the differential equation 72 must 
satisfy, Taylor’s expansion is applied again to 
(9). Here 


f(ro+ ar; fe are) =f (ro) te (df/dr)o(ari+ a’rs) 
+4(@f/dr)o(atrs?+---), 


or upon equating the coefficients of a, 





34+4y-+3y2(1— 6) —6ye*[1+-y°(1 —p)] 


WALTER E. MILLETT 


#2, = 2CoC2/(m*) oro? + (6/ro)o(717/c*)o 
+ (df/dr) or2+3(@f/dr) or’, 


where from Eq. (15) it is seen that 
(df/dr)o= —[1+9?(1 —6*) Joo? 


By differentiation and simplification, 


(18) 


(@f/dr?) 9 = (2wo?/ro)[3/2+ 2y(1 —B*) 
+3y?(1 — B*)/2 — 2y°6?(1 — 6?) ]. 


(19) 


Then 
#2=Ao—vy'r2+A; sin*yt, 
where 
Ao= —3[1+y(1 — 26?) Jrowe’, 
y=[1+y?(1 —6*) Joo’, 


and 
_ 3+4y+3y?(1 — 6?) — 6y6*L1+97(1 — 6) J 
2[1+y?(1—”) J 


Subject to the initial conditions rz=7,=0 at 
t=0, the solution is 





1 ToWo'- 


re =a, sin’yt+a2(1—cosy7f), (20) 


where 


(21) 





ai= —79 


6[1+97(1—6?) }? 


3+5y+3y?(1 —B*) —3y°(1 — 6?) — 6y87[1+9°(1 — 6?) J 


(22) 





a2=709 


6[1+?(1—B?) }? 


But now to get the line breadth it is necessary 
to evaluate 7. at the time when g=®. To do 
this, an expression for w: must be obtained. A 
simple way to obtain this expression is to carry 
out the differentiation indicated in Eq. (2). The 
result of this operation may be written in the 
form of 

@;= —[1+(1 —6?) ]wo cost. 

Subject to the initial conditions w:=0 for <=0 

it is seen that 


w1= —ywe?L1+y(1 —6*) J sinyt. 
Then, by integration, 
1+y(1—6?) 
tl <#) 
mw 2a 1+y(1—6?) 
y wo 1+y%(1—6) 





g=ugt ta (cosyt—1). 








Then set 


r=ro+B for g=%, t=T, 


where B is the line breadth. 
So from (20) and (24) 


1+(1—6*) 
| 
By (22) this becomes 
1+ 3y9+9?(1—6?) +3y3(1 — 6?) 
[1+y°(1 6%) } 
DISPERSION AND REDUCED DISPERSION 








B= —a’rg 


The line breadth is a quantity which is useful 
in the description of the performance of a system. 
Still other useful quantities are the dispersion 


T The expression given in the minutes of the 1947 annual 
meeting (Phys. Rev. 73, 1259 (1948)) is incorrect, 
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TABLE I. Expressions for the angle of focus ®, line breadth B, velocity dispersion D,, potential difference between the 
plates of the cylindrical condenser V, and the magnetic field strength H for the four field parameters most frequently used. 








Magnetic Electric 


¥=0 


Wein velocity filter 
ro=+ 0; ro/y =(mc*B?/eE)o 


Achromatic 
y = —1/(1 —6?) 








Tr 





moc?B? ink. 1 
é Ri (1 — B?)4 


moc?B 1 0 


ero (1—6°)! 


x (2(1—6*)\t _ meer 1 
sy eas, 


1 
~ 8a Gay 


2-6 eE 


ary 44+86?—38t _ 3am? 1 
(1—6*)! 


3. (2—p%)? eE 
1 





2moc*B? 1 
cE (1—8*)! 








myc?B? ine?. 1 (Re —Ri)moe??r | 1 
e R, (1-—6?)4 eL 1-6, 


mes 2-6 


ore apt H=E/6 








. 


and reduced dispersion in velocity, momentum, 
and energy. The expressions for the dispersion in 
velocity and in momentum should become 
equivalent in the limit of small velocities. The 
velocity dispersion should be equal to f? times 
the energy dispersion in the same limit. 

Consider first what is meant by velocity dis- 
persion. 

A particle which leaves the source at 7» along 
the tangent to the circular orbit not with 
velocity 19 =17owo but vp+dv will be a distance dx 
from ro after it has swept through the angle 
y=. This distance will be proportional to the 
fractional increment in velocity, i.e., dx = D,dv/vp. 
The proportionality constant D, is called the ve- 
locity dispersion. A first approximation of D, is 
obtained by setting r=ro+x and determining r 
to the first order, setting g=® and comparing 
with r=ro +D,dv/v. 

Setting r=ro+x, v=v+dv, and applying 
Taylor’s expansion for functions of two variables 
to Eq. (9) results in 

= —y*x-+ad7, (26) 
where 


a=wol1+y(1—6*) ]/(1—6*) 


and ? is as defined in connection with Eq. (19). 
The solution for initial condition x =0 at t=0 is 


x =ay~*(1—cosyt)dv. (27) 


Then for g=®, x«=2ay~dv. Upon comparison 
with r—r9=x=D,dv/vp it is seen that a first 
approximation to the velocity dispersion is 


F 2ro 1+(1—6?) 
"1-6 1+9°(1—6), 
Expressions for the momentum dispersion D, 
and the energy dispersion D,, may be obtained in 
a manner similar to that indicated above. The 


momentum dispersion is defined by the following 
equation: 


(28) 





dx = Dydp/po; 
the energy dispersion by 
dx = Dnd (mc?) /mc? = Dndm/m. 
The resulting expressions are 
1+y(1—8”) 
" +y°(1—6?) 
pa . 1+(1—8?) 
B® 1+y°(1—8?) 
It is interesting to note that 
Dy*=Dnt+D,", 


an equality which may be obtained directly from 
the definition of momentum. 





D,=2 
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Fic. 3. A plot of the angle of focus ® versus the relative 
speed B=rowo/c for three common values of the field 
parameter y. A kinetic energy scale for electrons is indi- 
cated along the f-axis. 


All three of these expressions vanish when 
y=-—1/(1-—86*). It can be shown that dro/dv 
=dro/dp =dro/dm=0 for y= —1/(1—6?). 

The reduced dispersion 6 is a quantity which 
serves as a better figure of merit than D or B 
alone. It is defined by 


56=|D/B| o?. 
This analysis indicates that a first approximation 
of 6, is — 
. 2 1491-8) +y9*(1—8) +97(1 — 6")? 
"1-88 1+44y-+9°(1—84)+3y%(1 82) 
The expressions for , B, D,, and 6, reduce to 


those obtained by Henneberg if 8 is set equal to 
zero. 





DISCUSSION OF RESULTS 


It is well known that for the pure magnetic 
case (y=0) the focusing angle is equal to m inde- 
pendent of 8, as it is here. Referring to Table I 
it is seen that B is also independent of 8 for this 
case. This is as it should be since in this case the 
mass remains unchanged over the trajectory. On 
the other hand, D, should be expected to increase 
as 6 increases, since a small fractional change in 
velocity gives rise to an increasingly larger frac- 
tional change in mass as 8B increases. 

The symbol V in Table I refers to the potential 
which must be applied across the cylindrical 
condenser. The general expressions for V and H 
are 

V = (moc?/e) (InR2/R1)[6°/(1 —6*)#]y, 
H = (myc*/ero)[B/(1 —6*)* (1 —y). 


MILLETT 





















































Fic. 4. A plot of the absolute value of the line breadth 
divided by the square of the angle of divergence and the 
radius of the circular orbit |B] /a*ro versus the relative 
speed of the particle 8=rowo/c for three common values of 
the field parameter y. A kinetic energy scale for electrons 
is indicated along the B-axis. 


Some of the expressions in this table contain a 
dot. That part of the expression to the left of the 
dot is the non-relativistic term while that to the 
right is the relativistic correction. 

The second column of the table refers to the 
pure electric case (y=1) which was first inves- 
tigated by Hughes and Rojansky.? The ex- 
pressions for ® and 8 are plotted against 6 in 
Figs. 3 and 4. Along the 8 coordinate the kinetic 
energy of electrons in kilo-electron volts is 
indicated. 

The case for which there is both direction 
focusing and velocity focusing was first inves- 
tigated by Bartky and Dempster.’ This is the 
case for which D,=0, (y= —1/(1—6*)), which 
Henneberg refers to as the “‘achromatic’”’ case. 
The expressions for @ and B are plotted against 
B in Figs. 3 and 4 for this case, too. 

Prior to the present calculations, Professor 
J. S. Schwinger has, in an unpublished note to 
Professor K. T. Bainbridge, calculated the rela- 
tivistic expression for ® for the achromatic case. 
Schwinger imposed the condition that dro/dv 
vanish. This is equivalent to the vanishing of D,. 
The results obtained here are in agreement with 
his results. A study of Professor Schwinger’s 
note was of great aid in the solution of the more 
general problem. 

It should be pointed out that the power series 
given here converge for a limited range of values 


ones L. Hughes and V. Rojansky, Phys. Rev. 34, 284 
3W. Bartky and A. J. Dempster, Phys. Rev. 33, 1019 
(1929). 
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of a. This range of a decreases in extent as yf? 
increases. When yf? goes to infinity the range of 
a goes to zero. Consequently, the expressions for 
@, B, and D for the achromatic case are not valid 
in the limit as B—1. 

The expressions for the Wien velocity filter 
are given in the last column of the table. In a 
Wien velocity filter a parallel plate condenser 
replaces the cylindrical condenser. The length of 
the filter, L, i.e., the distance between source and 
image, may be obtained from the limit of ro® as 
ro ©, with ro/y = (mv?/eE). The calculation of 
the relativistic value of Z was also contained in 
the note of Schwinger which was referred to 
above. 
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The expressions for B and D, for the Wien 
filter result from the same limiting process. The 
Ru which appears in the table stands for the 
radius the particle would describe if the mag- 
netic field alone were present. The minus sign in 
the expression for B is included to indicate that 
B and D, have opposite signs. 

To Professor K. T. Bainbridge, who suggested 
this problem, the author is deeply indebted for 
valuable suggestions and aid. Henneberg’s article 
as well as problems arising in the relativistic 
treatment were discussed with Professor Bain- 
bridge and Mr. F. L. Niemann. Professor E. M. 
Purcell and Professor W. H. Furry have read 
this article and suggested several changes. 
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Mg metal was bombarded in hemispherical symmetrical arrangements from the center by 
a strong Po source. The excitation function of the induced Al** activity and of the induced 
y-radiation was determined with an improved resolving power and accuracy. The absolute 
yields were determined carefully. Possibilities for the origin of the y-radiation are discussed. 


S is known, Mg consists of 3 isotopes 

(A =24, 25, 26) amounting to 77.4, 11.5 
and 11.1 percent. Six possible nuclear trans- 
formations may occur in the case of the immi- 
gration of an a-particle: 


1. Mg*(a,p) AL? 
2. Mg?*(a,p) Als 
3. Mg?8(a,p) Al?? 


4. Mg*(a,n)Si?” 
5. Mg?5(a,2)Si?8 
6. Mg?®(a,2)Si?® 


and there is the possibility of the inelastic scat- 
tering of the a-particle followed by the y-radi- 
ation of the excited Mg nucleus. - 

The main subject of this paper is to investigate 
the exact shape of the excitation function and the 
absolute yield of the short-living artificial radio- 
activity (Al?*), and the excitation function, 
quantum energy, absolute yield and origin of the 
y-radiation at a-energies below 5.3 Mev. 


APPARATUS 
Po Preparation 


The technics of Po preparations used at this 
Institute enabled us—by means of a volatiliza- 
tion method'—to obtain very pure Po-sources 
with a strength of about 10 mC or more, on a 
highly polished Pt-Ir disk of 3 mm diameter. 


Activation Apparatus 


The Po-source was located in the center of the 
activation apparatus and brass hemispheres of 
5 cm diameter, coated on the inside with a thick 
pressed Mg metal plate, were placed over it 
(Fig. 1). Then the air was removed and CO: gas 
of suitable pressure was let in to keep the a-par- 
ticles down to the energy required. The geometry 


1A, Szalay, Zeits. f. Physik 112, 29 (1939). 
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Fic. 1. Activation apparatus for Mg hemispheres bom- 
barded from the center by Po-a-particles. 


of this apparatus enabled us to make use of a 
solid angle of 27 and assured a very good homo- 
geneity of the energy of the bombarding a-par- 
ticles as well. 


Activity Counting Equipment 


The counter was a special one of hemispherical 
shape, developed and used by one of us years 
ago for the counting of weak induced activities.’ 
(Fig. 2.) It was a wire-loop type counter, some- 
what a transitional type between the point- 
counter and the G-M counter tube. Its hemi- 
spherical wall consisted of about 0.2 mm Al. Its 
sensitivity was carefully tested from various 
angles of incidence by means of a Ra-E §-gun. 
The hemispherical counter was situated in the 
middle of a lead cylinder of 4 cm thickness. The 
closing of the cover automatically switched on 
the electromagnetic counter-mechanism and 
started the stop-watch. 

Careful determinations were made for the 
absorption of the electrons in the wall of the 
counter in the following way: Al hemispheres of 
the same (0.2 mm) thickness, prepared in the 
same way, were put as absorbing media over the 
hemisphere of the counter. 

After finished activation (duration 6 min.) 
the Mg target was quickly placed on the counter 
and the activity was measured several times 
without additional absorbing hemispheres and 
under the same conditions, with one or two addi- 
tional absorbing hemispheres. The measurements 
indicated that the mass absorption coefficient of 
the 8-radiation of Al?® possesses under such 
geometrical conditions a value of 4.=3.9+0.9 
cm?/g Al. In this way the accurate correction was 
determined for the absorption in the wall of the 
counter. The value of the correction factor was 
1.19. Further corrections were made for the 
half-life. The duration of activation and observa- 
tion was numerically extrapolated back to the time 
of stopping of the activation and up to infinite. 


RESULTS 


At first it had to be decided, which of the 
three possible artificial radioactive nuclei are 
observable at so small a-energies and what is the 
yield of them. For this purpose, we raised the 
duration of the activation of the Mg targets to 
30 min. The decay of the activity was observed 
for 35 min. and noted every minute. The decay 
curve showed a predominating short-living ac- 
tivity of Al?* and a weak long-living activity of 
Al?®, The activity of the long-living product was 
too weak to estimate its half-life exactly. It seemed 
to be about 7-8 min. with a probable error of +3 
min. The total yield of the long-living activity was 
about 20 percent of the total activity observed 
during 35 min., after 30 min. activation. The 
ratio of the intensity (number of particles/min.) 
of the long-living activity to the short-living one 
was about 8 percent at saturation activation. 
There is no doubt that this is the well-known Al?® 
activity of 6.7 min. half-life.? 

We eliminated the influence of the long-living 
activity by means of short activation and 
measurement-times. In the case of the used 
6-min. period for activation and for measure- 
ment as well, the long-living activity could not 
amount to more than 3 percent of the observed 
total. This error could be left out of considera- 
tion. We estimated the half-life of Al?® by means 
of ten repeated 6-min. activations with full 
a-energy. The activity was registered at the end 
of every minute for 6 min. The evaluation in the 


Fic. 2. Wire-loop counter for the measurement of the AF* 
activity excited in Mg hemispheres. 


? W. J. Henderson and R. L. Doran, Phys. Rev. 56, 123 
(1939). 
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usual way resulted in a half-life of T=2.07+0.05 
min. These measurements were carried out 
carefully, with a small statistical error. We state 
with certainty that the half-life is shorter than 
the 2.3 or 2.5 min. given by some earlier ob- 
servers.* 4 


THE EXCITATION FUNCTION OF THE 
PROCESS Mg” (a, p)Al* 


Measurements and considerations above 
showed that in the case of 6-min. activations and 
measurements, the observed activity can be 
ascribed, at least up to 97 percent, to this trans- 
mutation. The thick Mg hemispherical targets 
were used for the determination of the excitation 
curve, represented in Fig. 3. Ten repeated series 
of activations were made over the whole meas- 
ured interval for each a-particle energy. Each 
point on the graph represents the sum of ten 
activity observations. The total activity of one 
activation induced by the full energy of the 
a-particles of the 10 mC Po-source amounted to 
about 600 counted particles. This gave an ab- 
solute yield (number of Al?* atoms/number of 
incident a-particles) of 1.410-7 for the natural 
isotope mixture and for a thick Mg target 
(integral yield), when corrections mentioned 
above and corrections for the geometrical losses 
are taken into account. The differential yield 
amounts to 0.24 10-7 for 5.3 Mev a-energy and 
for a Mg target of 1 mm air-equivalent thickness. 

The ordinate of Fig. 3 shows the integral ab- 
solute yield of the process Mg?5(a,p)Al?* for the 
natural isotope mixture. 

The abscissa shows the maximum ranges of the 
bombarding a-particles and their corresponding 
maximum energy, estimated by means of the 
graphs of Livingstone and Bethe.® 

The excitation curve completes earlier meas- 
urements made by Chang and Szalay,® which 
were made for a-energies from 7 Mev down to 
5 Mev, and which Szalay made for a-energies 
below 5.3 Mev.” It seems to show some signs of 


3C. D. Ellis and W. J. Henderson, Proc. Rov. Soc. 156, 
358 (1936). 

*L. N. Ridenour and W. J. Henderson, Phys. Rev. 52, 
889 (1937). 

5M. S. Livingstone and H. A. Bethe, Rev. Mod. Phys. 
9, 266 (1937). 
(193) Y. Chang and A. Szalay, Proc. Roy. Soc. 159, 72 

7A. Szalay, Naturwiss. 32, 72 (1944). 
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Fic. 3. The excitation function of the Al** activity in- 
duced in Mg by a-particle bombardment. Abscissa: 
maximum range resp. energy of the a-particles; ordinate: 
integral absolute yield of the transmutation Mg*(a,p)AP8 
for a thick layer of Mg consisting of natural isotope 


mixture. ‘ 


resonances, but the resonances are scarcely 
greater than the statistical errors. It seems to us 
to be unjustified to give some values of a-energy 
as resonance-energies. 


INVESTIGATION OF THE GAMMA-RADIATION 


It was shown by Bothe and Becker® that a 
weak y-radiation is excited in Mg when bom- 
barded by Po a-particles. They reported a yield 
of the magnitude 1 y-quant/10® a-particles of 
maximum Po a-energy. Savel® investigated the 
excitation function, but only for 6 different 
a-energies, therefore the resolving power is low. 
He reported a quantum energy of 0.5 Mev from 
absorption measurements. In contradiction to 
his measurements Webster” reported a quantum 
energy of 5.0 Mev. 

It is the task of these measurements to settle 
this question by employing greater accuracy. 


Excitation Function 


The same Po-source and Mg target of 5 cm 
diameter was used for the investigation of the 
integral y-excitation curve. Figure 4 shows the 
arrangement of the target and the G-M 
counter-tube. The whole arrangement was sur- 
rounded by a massive lead shield of 3 cm thick- 
ness to reduce the -natural effect. The G-M 
counter-tube consisted of 1.8 mm thick brass, 
had a diameter of 45 mm and a length of 88 mm. 

We observed a natural effect of 203315 
impulses/hour, in addition to this came the 
y-radiation of the 10 mC Po-source of 4530+9 

8W. Bothe and H. Becker, Zeits. f. Physik 66, 289 
(1930). 


®P. Savel, Ann. de physique 4, 88 (1935). 
10H. C. Webster, Proc. Roy. Soc. 136, 428 (1932). 
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Fic. 4. Apparatus for the investigation of the excitation 
function of the Mg y-radiation. 


observed y-quanta/hour. The maximum inten- 
sity of the y-radiation, excited in the Mg target, 
amounted to 952-45 quanta/hour, at 5.3 Mev 
a-energy, actually counted in the given geo- 
metrical arrangement. 

Figure 5 shows the integral excitation function 
of the y-radiation. It becomes observable for 
4.0 Mev and then rises quickly up to higher 
values. The intensity is small in comparison with 
the natural effect, therefore the statistical errors 
are considerable. Resonance effects could not be 
stated decisively. 


Absorption 


Figure 6 shows the apparatus. It was the same 
as for the investigation of the excitation function, 
with the difference that a hemispherical target 
of 2 cm diameter was used. The stopping power 
of the COz was not sufficient to stop the Po a- 
particles from bombarding the target, so a brass 
shutter was used, which could be moved from 
the outside. In this way the a-particles could be 
retarded from the target and so the natural 
effect +-Po y-radiation could be measured sepa- 
rately from the induced y-radiation. The absorp- 
tion measurements were carried out always at 
5.3 Mev a-energy. The actual rates of counting 
were 2035415 quanta/hour for the natural 
effect, 6819+42 quanta/hour for the Po-y and 
1371+56 quanta/hour for Mg y-radiation, with- 
out lead absorbents. 

We combined one, two, or three lead absor- 
bents of half cylindrical shape, with thicknesses 
of 2.7, 2.7, and 1.9 mm. 

Figure 7 shows the results of the absorption 
measurements of the y-radiation. The ordinate 
shows the intensity represented by the logarithm 


of the rate of counting (log//J»); the abscissa 
shows above the actual thickness, below the 
“effective thickness’ of the absorbing lead in 
cm. (The ‘effective lead thickness” is related 
to the spherical absorption coefficient 4 and was 
estimated experimentally by the absorption of 
the well-known y-radiation of ThC+C’+C”.) 

For the calibration of this absorption equip- 
ment we prepared pure sources of RaC and ThC 
in equilibrium with their daughter products 
(C’ and C” bodies). These sources were made 
on nickel hemispheres of exactly the same shape 
as the Mg target and were situated on exactly 
the same place. 

Further we measured the absorption of the 
y-radiation of the used Po source situated at the 
center. 

Figure 7 shows the absorption of the y-radi- 
ation induced in Mg and of the other investigated 
y-radiations of Po, ThC+C’+C” and RaC+C’ 
+C", 

The difficulties of y-absorption measurements, 
especially in cases when the very small intensity 
prevents the use of clear, well-defined geometrical 
conditions, are well known. Here we must point 
out some possible sources of errors in detail, and 
how we tried to reduce them. At first: the 
-quanta traverse the lead absorbents at various 
angles of incidenée and for this reason it would 
be erroneous to use the actual thickness of the 
lead without any correcting factor. A ‘mean 
effective thickness’ (related to the spherical ab- 
sorption arrangement) must be determined 
experimentally. It is greater than the actual 
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Fic. 5. Excitation function of the y-radiation excited in 
a thick Mg layer by a-particles. Abscissa: maximum range 
resp. energy of the a-particles. Ordinates, right: rate of 
counting/hour; left: integral absolute yield of the y radi- 
— i.e., number of y quanta/number of incident a-par- 
ticles. 
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Fic. 6. Measuring equipment for the determination of 
the energy of the y-radiation excited in Mg by Po-a-par- 
ticles of full energy. 


thickness of the lead screens. The lack of a clear 
geometry prevents an exact estimation of the 
participation of the three different components 
(photo-, Compton- and materialization-effects) 
in the total absorption coefficient yu. Disagree- 
ment of the measurements of Savel® and Webster!” 
can be ascribed in this case certainly to the above 
reasons. We tried to eliminate such sources of 
errors by means of the calibration of the ap- 
paratus by the known 7-radiation of the natural 
radioactive sources of well-known lead absorp- 
tion coefficient, resp. quantum energy. 

The small intensity of the y-radiation pre- 
vented the use of thicker lead absorbents. The 
intensity was reduced in the case of the used 
greatest thickness up to 63 percent for the 
Mg-y, 58 percent for the ThC”’-y, 50 percent for 
the RaC-y, and 43 percent for the Po-y-radiation. 

As Fig. 7 shows, the Mg y-radiation possesses 
certainly a smaller absorption coefficient than 
the well-known y-radiation of the ThC’’, con- 
sisting of a component of overwhelming intensity 
of 2.65 Mev quantum energy. 

We determined the effective thickness of the 
lead absorbents (abscissa, below) by the use of 
the well-known absorption coefficient for this 
nearby monochromatic radiation (u=0.47 cm 
in Pb). In this way we obtained an absorption 
coefficient for the induced y-radiation of the Mg 
#=0.38+0.08 cm— in Pb. It is remarkable that 
this value seems to be smaller than the smallest 
absorption coefficient measured for any y-radi- 
ation in lead in the case of spherical absorption 
equipment. A look at Fig. 7 makes it sure that 
the difference of the absorption coefficient against 
the ThC” y-radiation is definitely emerging over 
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the statistical error. The reason for the unex- 
pectedly small value of the Mg y-absorption 
coefficient must be in the reduced share of the 
Compton effect in the absorption, as a result of 
the unfavorable geometrical arrangement. 

The total absorption coefficient in lead shows a 
flat minimum for about 3 Mev quantum energy," 
an estimation of the quantum energy by means 
of lead absorption measurements is here very 
inaccurate. For these reasons we are unable to 
evaluate the quantum energy of the Mg y-radi- 
ation with accuracy. It must possess a value 
somewhat greater than 3 Mev. Values of the 
probable error cannot be given. 

Some sources of errors are eliminated in this 
way, because (1) the quantum energy of both 
radiations is nearly the same and so the shares 
of Compton, materialization and photo-effects 
are in both cases the same; and (2) the geomet- 
rical arrangement is—in both cases compared— 
exactly the same. 

Criticism may arise by the fact that ThC+C’ 
+C” possesses in addition to this 2.65 Mev 
y-radiation other components of 0.58 and 0.51 


Mev”, with about the same number of y-quanta/ 
unit time. We were unable to apply a thick lead 
absorbent before to make the radiation homo- 
geneous. But measurements of v. Droste! showed 
that the sensitivity of a brass G-M counter- 
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Fic. 7. Absorption of the y-radiations in lead. Abscissa, 
above: actual thickness of the absorbing lead sheets; 
below: corrected “effective thickness” of the lead ab- 
sorbents. Ordinates: logarithm of the relative decrease of 
the intensity of the y radiation with vs. without lead 
absorbents for the Mg-y. ThC+C’+C”’—y, RaC+C’ 
+C”—y and for the Po—7-radiation. 


11 Mme P. Curie Radioactivité, (Herman et Cie, Paris, 
1935), Vol. II, Appendix 11. 

RW. Gentner, Physik. Zeits. 36, 836 (1937). 

13 G. v. Droste, Zeits. f. Physik 100, 529 (1936), and 104, 
474 (1936). 
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tube is about 5 times smaller (0.32 percent) for 
0.5 Mev quantum energy than for 2.65 Mev 
(1.61 percent). The very careful measurements 
of v. Droste showed that the practical absorption 
curve of this composed radiation does not differ 
much from the absorption curve of the filtered 
hard radiation, if a brass G-M counter-tube 
has been used for the measurement. 

Recently Pollard and Alburger measured the 
quantum energy of the y-radiation of Mg induced 
by a-bombardment. They obtained a value of 
3.2+0.6 Mev in fairly good accordance with the 
value obtained above. Considering the fact that 
we were forced to work with sources of very low 
intensity and therefore under not sufficiently 
clear geometrical conditions, we will use in the 
following the value obtained by Pollard and 
Alburger of 3.2 Mev. (As E. Pollard kindly 
informed me in a private communication, Al- 
burger’s newest measurements, in the course of 
publication, are indicating a still higher energy 
of 3.8 Mev.) 


MEASUREMENTS ABOUT THE ORIGIN OF THE 
GAMMA-RADIATION — 


It is well known that the electron emission of 
Al*® is followed by the emission of a y-quant of 
2.05 Mev,!*'® the last belonging to the excited 
state of Si?’, If the induced y-radiation observed 
here belonged to this process, it would show a 
decay period of 2.1 min. We decided this question 
in the following way: we measured the number 
of emitted y-quanta during a period of 120 
minutes in such a way that we activated the Mg 
target for 2 minutes, then we stopped the a-rays 
with the shutter. Simultaneously the counter 
was switched on and the jy-radiation was 
counted for 2 minutes. After this, the whole 
process of measurement was repeated 60 times 
periodically, so that altogether 120 minute 
observations of the y-intensity could be sum- 
marized. The periodically interrupted and sum- 
marized measurements gave altogether 13,886 
+164 counts/120 min., included the natural 
effect+ Po y-radiation, the last two amounting 
to 13,714+162 quanta/120 min., with closed 


( 4 5 Pollard and D. E. Alburger, Phys. Rev. 72, 1196 
1947). 
15 -— and Hole, Ark. Mat. Ast. Phys. 29A, No. 26 
1943). 

16 J. V. Dunworth, Nature 159, 436 (1947). 
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shutter. These values above are nearly the 
same, within the limits of statistical errors. In 
the case of continuous measurements during 
bombardment by Po a-radiation of maximum 
range, the total rate of counting amounted to 
16,936-+184 quanta/120 min. We can state with 
certainty that the induced y-radiation of Mg is 
not identical with the y-radiation connected with 
the electron emission of Al?8, moreover it is at 
least one order of magnitude more intense. 


THE ABSOLUTE YIELD OF THE GAMMA- 
RADIATION 


Knowledge of the absolute yield of the Mg 
y-radiation may lead us to the decision of the 
question, which of the six possible nuclear 
processes is it connected with? 

The actual measured intensity of the Mg 
y-radiation was 1371+56 observed y-quanta/ 
hour, when a hemisphere of 20 mm diameter was 
bombarded with the full energy of the 10.0 mC 
Po-source. (See geometrical arrangement in Fig. 
6.) 

We determined the absolute yield of the 
y-radiation in the following two ways: 

1st method. We estimated the geometrical angle 
(solid angle) of the apparatus and the absolute 
sensitivity of the G-M counter: 


(a) an approximative calculation of the solid 
angle based on the maximum cross section of 
the G-M tube, taking the point of the solid 
angle into the center of gravity of the hemi- 
sphere, gave a solid angle of 0.22-4z. 

(b) an approximative numerical integration 
for several zones of the hemisphere gave a 
total solid angle of 0.23-4r. 

(c) another estimation based on the surface 
measurement of the shadow of the G-M 
counter projected by a point light source situ- 
ated on the place of the Po source, gave a solid 
angle of 0.21-47. 


The most probable value of the solid angle is 
herewith 0.22-47, a mean of the values above. 
The absolute sensitivity of a brass G-M 
counter was estimated by v. Droste™ for v. zious 
wave-lengths and for the wave-length of the 2.65 
Mev ThC” y-radiation (A=4.7A). V. Droste 
estimated the sensitivity of a brass counter as 
1.61 percent for the 2.65 Mev ThC” 4-radiation. 





NUCLEAR PROCESSES IN MAGNESIUM 


The Mg 7-radiation has an energy of about 3.2 
Mev as recently estimated by Pollard and 
Alburger.'* The sensitivity of a brass G-M 
counter can be extrapolated, by means of the 
measurements of v. Droste, and a sensitivity of 
2 percent is to be expected for this energy. Using 
this value and the solid angle of our apparatus, 
we obtain an absolute integral yield of the Mg 
y-radiation excited by full range Po-a-particles 
as 4.6-10-7 y-quanta/a-particles. 

2nd method. The second way was the measure- 
ment of the absolute yield by direct comparison 
with a ThC” y-source of well-known strength. 
We prepared a ThC+C’+C”-source on a nickel 
hemisphere of the same diameter (20 mm) and 
have placed it in the place of the Mg hemisphere. 
We measured the actual number of countings/ 
hour. The strength of the source was measured 
separately, by counting the number of the 
ThC-a-particles by a mica window counter, 
which was situated at the end of an evacuated 
tube. The activated nickel hemisphere was 
enclosed at the other end within the tube. The 
solid angle was defined by the small circular 
opening of the mica window counter. Successive 
changes in the air pressure within the tube 
stopped and separated the ThC-a, ThC’-a and 
the 6-particles. In this way the number of 
emitted ThC-a particles could be separately 
determined. The number of the emitted ThC’’-6- 
particles is the same and it is generally accepted 
in the literature that each ThC”-6-particle is 
followed by a 2.65 Mev y-quantum. This means 
that a ThC+C’+C” source is emitting nearly 
equal number of ThC-a particles and 2.65 Mev 
y-quanta/unit time. A source of 0.9X10-* mC 
(relating to ThC’”) gave 10.5 y-quanta/sec. in 
the equipment on Fig. 6, 

By the numerical comparison of the ThC’” 
y-radiation and the Mg y-radiation, the error in 
the estimation of the solid angle is entirely 
eliminated and the error in the absolute sensi- 
tivity of the G-M counter is very much 


reduced, because only the quotient of the two’ 


sensitivities comes into the formula. Using the 
data of v. Droste, the sensitivity of the brass 
counter is expected to be 1.25 times greater for 
the 3.2 Mev Mg y-radiation, than for the 2.65 
Mev ThC” y-radiation. These numerical values 
give an integral absolute yield of 5.21077 
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y-quanta/full range Po-a-particles. This second 
way of measurement is certainly more accurate 
than the first. 


DISCUSSION ABOUT THE ORIGIN OF THE GAMMA- 
RADIATION 


Let us consider now the six possible processes 
when Mg is bombarded by a-particles. 

1. Mg**(a,p) Al’. The isotope mass values given 
by Mattauch and Fliigge’’ give a mass defect of 
—1.96+0.8 TMU; the process is herewith 
endoergic by —1.8+0.7 Mev. Taking into 
account 3.2 Mev energy or more for the y-radi- 
ation, the bombarding a-particle has to possess 
more than 5 Mev energy, or this process is 
excluded by reasons of energy. As the y-radiation 
is first somewhat above 4.0 Mev a-energy ob- 
servable, this possibility can be excluded cer- 
tainly. 

2. Mg?5(a,p) Al?’ process was investigated care- 
fully and our measurements show that the ab- 
solute yield of this transmutation (being 1.4 
X10-7 protons/a-particles) is definitely much 
smaller than that of the y-radiation (5.210~? 
y-quanta/a-particles). The process is endoergic 
having a mass defect of —2.3 TMU, or —2.14 
Mev calculated with the new mass value of Al?® 
of 27.99265 MU+0.7 TMU. This value is ob- 
tained by considering the recently experi- 
mentally testified fact!® that Al?* emits at first a 
B-particle of 2.98+0.18 Mev energy which is 
followed by a y-quant of 2.05 Mev.!®> When we 
consider this fact, we obtain a new value of the 
mass difference between the stable Si?* nucleus 
and the Al?* nucleus, and so a new mass value, 
differing from that given by Mattauch.!’ Here- 
with it is excluded that the Mg y-radiation could 
belong to this process. 

3. Mg?®(a,p)Al?®. We measured roughly the 
yield of this transmutation being even smaller 
than the yield of process (2). Its mass defect is 
about —3.3 TMU. Added to this the quantum 
energy of the y-radiation, we get a minimum 
a-energy of 6 Mev. It is excluded by energy- 
conservation considerations, that the y-radiation 
could belong to this process. 

4. Mg*(a,2)Si?’7, this process has a mass 
defect of —8.8 TMU and is definitely excluded 


17J. Mattauch, Kernphysikalische Tabellen (Verlag 
Julius Springer, Berlin, 1942). 
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for Po-a-energies. It definitely does not occur 
even at 16 Mev a-energy.? 

5. Mg?5(a,2)Si?® process is exoergic by a mass 
defect of +2.31+0.8 TMU. It is energetically 
possible that the y-radiation could belong to this 
process. The question could be decided by exact 
experimental determination of the excitation 
function and the absolute yield of this trans- 
mutation. 

6. Mg*®(a,2)Si?*, this transmutation having a 
mass defect of —1.5+0.9 TMU may be con- 
nected with the y-radiation as well, but it is as 
little investigated experimentally as process (5). 
We are intending in the near future to carry out 
measurements about the yield and the excitation 
function of the neutron emission of Mg, when 
bombarded by Po-a-particles. 


SUMMARY 


Mg hemispheres were bombarded by a very 
pure Po-a-source of small diameter from the 
center. The excitation function of the short- 
living artificial radioactivity belonging to the 
process Mg?5(a,p)Al?* has been investigated (Fig. 
3). The absolute yield of this transmutation has 
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been determined very carefully. It has a value of 
1.4X10~ transmutations/bombarding a-particle 
of 5.3 Mev energy, in a thick Mg layer consisting 
of the natural isotope mixture of the Mg isotopes. 

The excitation function of the y-radiation, 
which is excited in Mg by Po-a-particles, was 
investigated (Fig. 5). 

The absolute yield of the y-radiation has been 
determined very reliably by direct comparison 
with the ThC”-y-radiation of a ThC+C’+C” 
preparation of exactly known strength. The 
absolute yield of the y-radiation excited in a 
thick Mg layer of natural isotopic composition 
under bombardment of full energy Po-a-particles 
amounts to 5.210-’ y-quanta/a-particle. 

A discussion of the origin of the y-radiation is 
given. Four of the six possible processes can be 
excluded by considerations of energy, or by the 
comparison of the absolute yields as well. Two 
remain as possible origins of the y-radiation, 
Mg?5(a,2)Si?® being the most probable by con- 
siderations of energy. 

Further investigations in these processes are 
intended at this Institute. 
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A finite but non-vanishing value for the self-energy of the photon, corresponding to a finite 
rest-mass, can be deduced from the new invariant forniulation of quantum electrodynamics 
developed by Tomonaga and Schwinger, in the e* order approximation. The implications of 


this result are discussed. 


INTRODUCTION 


HE new development in quantum electro- 
dynamics has led to the conviction that the 
anomalies of the hydrogen 2S level and of the 
magnetic moment of the electron can be ex- 
plained in terms of field-dependent parts of the 
electronic self-energy.! Accordingly, it seems that 


1J. Schwinger and V. Weisskopf, Phys. Rev. 73, 1272 
(1948); J. Schwinger, Phys. Rev. 73, 416 (1948). 


the concept of electromagnetic self-energy now 
acquires a more than merely mathematical sig- 
nificance. However, the field-dependent terms 
can, at best, be defined as finite parts of the still 
diverging, total self-energy of the electron which 
has to be eliminated from the Hamiltonian by a 
formal readjustment. Therefore, there is still but 
little hope for a final and satisfactory solution of 
the self-energy problems within the framework of 
the conventional quantum theory of fields. 





PHOTON SELF-ENERGY 


Nevertheless, just these fundamental questions 
ought to be examined with particular care. 

Even more involved than the electron self- 
energy problem is that of the photon. It is well 
known that, according to Dirac’s theory of the 
positron, a photon can virtually create and re- 
absorb electron-positron pairs, which process 
gives rise to a self-energy that is divergent even 
in Heisenberg’s elaborate subtraction formalism.’ 
On the other hand, Schwinger claims that, in his 
new formulation of quantum electrodynamics, 
the photon self-energy. vanishes identically.’ 
However, the proof which Schwinger presented 
in his report at the Pocono Manor Conference, 
March 30-April 2, 1948, is highly objectionable.* 
Indeed, as we wish to show, if the same method 
of calculation is applied as is used by Schwinger 
in computing the electron self-energy, the self- 
energy of the photon turns out to be finite but 
not zero, whereas other methods of calculation 
yield infinite values. 

A non-vanishing self-energy, or rest-mass, of 
the photon, formally appearing in the theory, is, 
of course, a very undesirable feature since, even 
if it can be subtracted, it will destroy the gauge- 
invariance of the theory at least at some stage 
of the mathematical development, so that the 
electromagnetic potentials will appear as being 
observable quantities. Moreover, the subtraction 
of the lowest order self-energy terms (~e?) will 
entail higher order corrections whose physical 
significance is rather doubtful. 


THE FUNDAMENTAL EQUATIONS 


The quantum theory of the electromagnetic 
field, as developed by Schwinger, is based on the 
generalized multiple-time formulation of the 
quantum theory of fields which was first proposed 
by Tomonaga.‘ Considering the electrons as 
specified particles n=1, 2, ---, Dirac, Fock, and 
Podolsky® introduced a state functional WV de- 
pending on the individual time coordinates ¢, of 
the electrons as well as on their space and spin 


* W. Heisenberg, Zeits. f. Physik 90, 209 (1934). 

* J. Schwinger, Phys. Rev. (to be published). 

* Note added in proof, October 1, 1948: Professor 
Schwinger kindly informed me of a new derivation of his 
previous result. But this new argument again involves an 
integrativa by parts which, in my opinion, is not legitimate 
mathematically. 

4S. Tomonaga, ors Theor. Phys. 1, 27 (1946). 

*P, A. M. Dirac, V. Fock, and B. Podolsky, Physik. 
Zeits. Sowjetunion 2, 468 (1932). 
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coordinates. In Tomonaga’s theory, where all 
particles are described by quantized wave fields, 
every volume element (at x, y, 2) is associated 
with an individual time ¢(xyz), the function ¢(xyz) 
defining a surface o in the four-dimensional x, y, 
z, t space. The state functional V is supposed to 
be a function of og, i.e., of the function ¢(xyz), and 
the Schrédinger equation determines the change 
of W(c) in the event that the surface o@ is dis- 
placed infinitesimally only at a particular point 
of the surface. 

Let the surface be shifted at the point x= (ct, 
x, y, 2) over a volume d‘x=cdidxdydz, and the 
corresponding change of W(c) be denoted by 
d‘xdV(c)/d0(x), then the generalized Schrédinger 
equation reads: 


thc(d¥(c)/do(x)) = 5C(x)¥ (a) ; (1) 


where & is the Hamiltonian density representing 
the interaction of electrons and the electro- 
magnetic field: 


K(x) = —(1/c)ju(x)An(x), (2) 


ju=electric current density produced by elec- 
trons and positrons, A,=electromagnetic poten- 
tials explicitly depending on space and time co- 
ordinates according to the wave equations® 


(0?/dx,?) A, (x) =0, 
and the invariant commutation rules 
[A,(x), Ao(x’) ]=(hc/t)byeD(x—x’). (4) 


Both j, and A, are operators, operating on the 
field variables (occupation numbers) of which 
W(c) is a function. In order that (1) be integrable, 
K(x) must commute with 3((%) taken at any 
other point ~ on o. This condition is satisfied for 
all spacelike surfaces (i.e., when each two surface 
points are spacelike to each other). 
In addition, we have the supplementary con- 
ditions 
(5) 


(3) 


(0A, (x) /dxy) ¥(c) =0, 


for all points x on the surface o. As in the Dirac- 
Fock-Podolsky formalism, it is convenient to re- 
quire more generally 


Q(x’, «)¥(c) =0, 


(6) 
where x’ is now an independent space-time point, 


6 x4=1%9=ict. Similarly for all four-vectors. 
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not necessarily lying on o, 2 being an operator 
reducing to 0A,/0x, for surface points, satisfying 
the wave equation 


(0?/dx»2) Q(x’, «) =0, (7) 

and the compatability conditions 
[Q(x’, o), A(x'’, 2) ]=0, (8) 
thc(dQX(x’, «)/do(x)) +[Q(x’, o), (x) J=0. (9) 


The last condition is sufficient (but not neces- 
sary) to ensure 0(Q(x’, o)V(c))/dc(x)=0, in 
agreement with (6). An operator 0 satisfying all 
requirements is 


0A, ( 


sme 
Q(x’, 0) = — J donina\Dee’—a), (10) 


OX, 


(do,=four-vector surface area at x: in a par- 
ticular frame of reference do,;=do2.=do3=0, 
do,= —idxdydz). 

The perturbation method, as applied by 
Schwinger, starts with a unitary transformation 


¥(c) =e-84(c), (11) 


So) =— fate 5e(x! 12 
~— x’ e(x’, o) (x). ( ) 


Here 


+1 for points x’ earlier than o, 
—1 for points x’ later than o, 


e(x’, ¢) = | 


and the x’ integration is meant to be extended 
over the entire four-dimensional space (between 
two fixed surfaces in the infinite past and the 
infinite future). Inserting (11), with 


eS =1-75-194..., 
into (1), the terms linear in e cancel, because of 
hce(dS(c)/d0(x)) = K(x), 


and the Schrédinger equation for ¢, up to second- 
order terms in e, reduces to 


the(8o(o)/d0(x)) = Z4[S(a), C(x) ]o(o) +--+. (13) 


According to (2) and (12) the new second-order 
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Hamiltonian is 


7 ee 
-[S(@), se(3)]=—— f xe(x!, ) 
X Liaw) A g(x"), jo(x)Aa(x)]. 


THE SELF-ENERGY OF THE PHOTON 


(14) 


Disregarding terms independent of the A,’s, 
i.e., neglecting the commutators (4), the essen- 
tial terms in (14) may be written 


fate’, 0) Linle’)s fol) Ayla") A a(x). (15) 
A4hc*® 


Since we want to study the energy of photons, in 
the absence of electrons and positrons, the oper- 
ator [ju(x’), jo(x)] may be replaced by its 
vacuum expectation value which is easily de- 
rived by expressing the current densities in terms 
of the electron wave operators: 


OA(x’ —x) 0A;(x’ —x) 





(Lin ee’), jolt) Dac =tiete| 


OX, OX, 


dA(x’ —x) 0Ai(x’ —x) 
ys 


+ 





OXy OX, 


= 0Ai(x’ —x) 





— 


Oxy OX 


+u8a(!—s)aic?—) |], (16) 


where A and A; denote the two invariant delta- 
functions involving 4=mc/h, as specified below 
(cf. (20), (21)). Subtracting, finally, from (15), 
the vacuum value (no photons present), we ob- 
tain the operator corresponding to the photon 
self-energy density 


= 4 d4x'e(x’ ay ae 
Hoat=—— f x(x, (Line!) Gol) vnc 


X {Ay(x’)Ao(x) —(Ay(%)Ao(x)) vac}. (17) 


Let us calculate the expectation value (3Cseis). 
for a state in which we have only one photon of 
momentum hx(K?=0). Then 


(Ay(x’)A»(x)). a (A ,(x")A »(x))vac 


= Cyo(k) COSK(x,’—%,). (18) 
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Hence, putting 
and 


e(x’, o) = —&o/ | Eo| 


(which is justified because the function (16) 
vanishes identically for space-like vectors £): 


xy’ —X\= , 


¢ fo 
(Hselt)x = ~ Co f at COSK,& aes 
E fl 


0 





dA(E) AAL(E) ACE) AAx(E) 
x| . 

Of, 9 Ok dk, 
- ee aA.(€) 


+a |}. (19) 
0& d& 


If the é-space integration is carried out by in- 
troducing polar coordinates and integrating first 
over the invariant hyperboloids £?=const.( <0), 
the integral proves to be divergent even if the 
singularities of the invariant delta-functions on 
the light-cone (&?=0) are removed (smeared out 
over a narrow region). The strongest singularities 
are of the type 


is, 
ee 56. +- 


2m |€o| 


= 1/2024: 


= sled 
A(é) =D(é)+ (20) 


A.(é)=Di(é)+--- 


Only by introducing integral representations of 
the delta-functions and carrying out the inte- 
grations in a particular order will one be able 
to arrive at finite values for the self-energy. 
Following Schwinger’s procedure in his calcu- 
lation of the electron self-energy, we insert in (19) 


+0 ) 

A(é) = = “er aaa Sl da exp( neg 
+00 

()=— | dg—exp( —is¢,2+— 

ail) af : 2 iate+- ~), 


and integrate first over the ¢-space, while keeping 
a, B fixed. Observing that 


p (21) 





f d‘t exp(iyé,?) = f dé exp( —tyéc*) 


13 
xII J dg, exp(-+ine = 
‘ vly| 


we obtain 


(aude <6, » fda «fae ana 
xexn(=(-+-)) [+00 Dky 


0? 1k? 
7 in( tae—+u') | exo| | 
OK,” 4(a+ 8) 
We note 


0? 1k? 1K? 
exp =exp 
OK,OKy 4(a+ 8) 4(a+ 8) 


oP 1 
x ( jue — wt), 
2(a+B)  4(a+8)? 
and here we may put m?=0 and drop the term 
~kKyk,’ because kyk»Cyo=O0 on account of the 
supplementary condition (5) (vanishing of the 


longitudinal components). If we symmetrize the 
integrand in a and B 


a = isi) 
the result is 


(a= —— Con f def a 
322? he 














x(=+—) 
la] |8|7(a+)|e+B| 
ywes/i 1 
2) 
4\a 8B 
4iaB 
x(- 
a+B 


In order to carry out the remaining integra- 
tions, let us introduce new variables 


Ao)" 


_ ). (23) 


oa. 
a+p 


z 
2— for |y| <1, 
dadgp  |dydz a 8B |z| 


(a+6)? | 22 la] |B] & O for |y|>1. 
7 This was also done by Schwinger in his Pocono Manor 


lecture, but he apparently overlooked the remaining term 
~Bbye- 
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From (23) we obtain 
i é 

(HWrelt)x ee on Cw 

322? he 


i. 4 
dz et( --1). 

|2| z 
The imaginary part of the integrand has a singu- 
larity at z=0(~-+2-*), but since it is an odd 
function of z, it may be regarded as giving no 


contribution to the integral. Keeping only the 
real part, 


+? dz 4 
f e#( ---1) 
— Z 


=2 


» sing 


dz—| ——— J = 


0 az Zz 


1 é 
(Heett)x == So —p Cov. 
82? hc 


(24) 


Cy», as defined by (18) (with x’ =x), is equal to 
the electromagnetic energy density of the photon 
state considered, divided by xo. Therefore, a 
photon of momentum hx, having the total energy 
hcxo=hc|x| in the zero-order approximation, 
appears in the second-order approximation as 
having the energy 


1 ep? 
tat) 

—_ h 2 1 e 2 : 25 

= lel)? —(omey"] (25) 


This corresponds to a “photon” rest-mass” 
amounting to one electron mass divided by 
(1377)? (because, in the Heaviside units used 
here, e?/4rhc = 1/137). 


ELIMINATION OF THE PHOTON 
SELF-ENERGY 


In order to restore Maxwell’s equations, one 
might try to replace the Hamiltonian (2) by 


1 
I(x) = — dn) Aa) —37A,7(x), 


and to determine the constant y such that the 
new term in 3 cancels the self-energy term. If 
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the result (24) or (25) is accepted, this would be 
achieved by 
1 é 
Yr Ww. 

4x? he 
However, the new Schrédinger equation would 
no longer be compatible with the supplementary 
conditions (6)..In order to ensure the compati- 
bility, it is easiest to construct the amended 
Hamiltonian and supplementary conditions by a 
unitary transformation from the old ones. 

The transformation 


¥(o) =e-VOW'(o) 
leads to the new Schrédinger equation 


thc(dW'(c)/do(x)) =K' (x, «) ¥'(o), 


(26) 


(27) 


with 
de—U (c) 
KR’ (x, ¢) =eVF(x)e—U —ihceU@ . (28) 
da(x) 
Defining 
2’ (x’, 7) =eVZOO(x', c)e“UO, (29) 
the conditions (6) become 


2’ (x’, «) ¥'(c) =0, (30) 


and the compatibility requirements are, of course, 
fulfilled; indeed 
[2’(x’, a), O'(x", a) | = 0, 
and, on account of (9), 
d , / 
{2'(x’, «)¥'(a)} 
da(x) 


aa e—iU(o) ok ei (o) 


~ | a0(x) 


0a(x) 


1 
+—' (x, 7) }2’(x’, «) ¥’(a), 
the 


which vanishes according to (30). 
If we choose 


Y frre 2/n/ 
Ue) = f d'x'e(x', o)A,2(x'), (31) 


with the same meaning of the symbols as in (12), 





PHOTON SELF-ENERGY 


so that 


dU(c) 
he = 37A,?(x) ’ 
0a(x) 


and if we consider y to be small of the second 
order (~e?), the transformed Hamiltonian (28) 
becomes, up to third-order terms inclusively, 


5H! (x, 0) = 5C(x) —$7A,7(x) 
+i[U(c), H(x)J+-++. (32) 


The second term is the one that will be cancelled 
by the photon self-energy term, after the trans- 
formation (11), (12), now applied to W’ instead 
of ¥. The first and third terms may be written 


—(1/c) ju(x)By(x), (33) 


B,(x) =A,(x) +iL U(c), A, (x) ], 
or, according to (4) and (31), 


with 
(34) 


By (2t) = Ay(x) +44 f d'x'e(x’, 0) 


XA,(x’)D(x’—x). (35) 


Here o is meant as a spacelike surface passing 
through the point x; since D(x’—<x) vanishes for 
all spacelike vectors x’—x, B,(x) is independent 
of o. If x is varied, o has to be varied accordingly. 
From (34) and (31) it is easily derived that B,(x) 
obeys, up to terms ~e?, the equation 


(0?/dx,”) By (x) = yB,(x) ; (36) 


thus B,(x) may be represented as a superposition 
of plane waves exp(tp,x,), with p?=—vy. (This 
follows also from (35), if plane waves exp(imxy) 
are inserted for A,.) Accordingly, 


[By (x), Bo(x’) ]=(hc/1)buAy(x—x’), (37) 


where A, is the modified D-function obeying the 
differential equation (36). This result makes it 
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clear, that the third term in 3’(32), as a correc- 
tion to the first, reflects a wrong rest-mass of the 
photon. Of course, this term is again unwanted, 
since it would affect mainly the low frequency 
phenomena, and should be transformed away. 
The introduction of the rest-mass term also 
destroys the gauge invariance. It is true that the 
Schrédinger equation (27) is formally gauge 
invariant in the sense that the change of gauge 
A,—A,+0A/0x, is equivalent to a unitary trans- 
formation, so that the inverse transformation re- 
stores the Schrédinger equation in its original 
form. But the operators corresponding to ob- 
servable quantities, such as the field strengths 
0A,/dx,»—0A,/dx,, are not invariant under these 
transformations. One may, however, expect that 
in the second approximation, where Maxwell’s 
field equations are re-established, a gauge- 
invariant formulation will become possible. 


CONCLUSION 


The results of the last section are hardly en- 
couraging in view of higher approximations. We 


_have tried to take the quantum theory of fields 


seriously, without admitting any ad hoc subtrac- 
tions inconsistent with the principles of quantum 
mechanics. The outcome shows that the em- 
pirical fact, that the photon has no rest-mass, 
does not fit naturally into the framework of 
quantum electrodynamics. It seems questionable 
to what extent the predictions of such a theory 
in higher order effects are trustworthy. 

Finally, it should be remembered that the pair 
creation of other charged particles (mesons, pro- 
tons) is likely to contribute to the photon self- 
energy. Therefore, the phenomena involving 
electrons, positrons, ahd photons only, can hardly 
be expected to be quite independent, in the 
higher order effects, of the existence of other 
particles and their nature. 
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The causes of excessive x-ray scattering at small angles from amorphous materials are dis- 
cussed, and a formula is derived for the scattered intensity from a substance containing definite 
macroscopic regions of inhomogeneity, such as clumps of molecules, pockets, or foreign in- 
clusions. The formula shows the effect of both macroscopic and microscopic molecular 


arrangements. 


Some previous observations of small-angle scattering from liquid and gaseous argon are ex- 
amined in the light of this theory, to see whether they may be accounted for by heterophase 
fluctuation phenomena. A model with small droplets of liquid included in the vapor phase, and 
small bubbles of vapor included in the liquid phase is considered, and in order to explain the 
observations a droplet radius of about 5 angstroms is found necessary. This is considered too 
small to be plausible, and alternative explanations on the basis of less sharply defined density 


fluctuations are suggested. 





1. INTRODUCTION 


HE scattering of x-rays from amorphous 
materials has long been used to derive 
information concerning atomic arrangements. 
Following the method of Zernike and Prins,” 
a Fourier inversion of the x-ray scattering pat- 
tern is used to find the average atomic density 
at distance r from any one atom in the sample. 
The atomic density function so derived still 
allows many interpretations as to the actual 
atomic arrangement, and occasionally other fea- 
tures of the scattering pattern have been taken 
as evidence of certain types of structure. Thus, 
an excess scattering at small angles is often 
taken as indicating subdivision of the sample 
into small particles. A considerable collection of 
theory on the effect of small particle size in pro- 
ducing excess small-angle scattering exists.’ In 
most of this work, each particle is treated as a 
continuum, so that the influence of atomic ar- 
rangement is neglected. Furthermore the possi- 
bility that the particles are not truly distinct, 
but are merely regions of excessive or deficient 
atomic density, has not been adequately treated. 
The present paper considers the possible causes 
for excess scattering at small angles from 
amorphous materials, and develops formulas for 
calculating the scattering patterns for certain 


(1927 F. Zernike and J. A. Prins, Zeits. f. Physik 41, 184 
oN ‘s. Gingrich, Rev. Mod. Phys. 15, 90 (1943). 
3 A. Guinier, Radiocristallographte (Dunod, Paris, France, 
1945), Chap. XII. 


classes of structures. In particular the scattering 
from an amorphous material containing macro- 
scopic inhomogeneities is treated at length. As 
an application of these results, a study is made 
of the meaning of small-angle scattering ob- 
served under certain conditions from argon. 


2. CONSIDERATION OF CAUSES OF 
SMALL-ANGLE SCATTERING 


The coherent x-ray scattering from a suffi- 
ciently large sample of amorphous material 
whose atoms are spherically symmetric is given 
by the well-known formula? 

—dr), (i) 


where J is the intensity of scattering at angle 28, 
in electron units, NV is the number of atoms in 
the sample, f is the atomic structure factor, k 
is (4m sin@)/A, \ being the wave-length, p is the 
average density of atoms at distance 7 from any 
one. atom, and pp is the over-all average density 
of atoms. The factor (p—po) differs appreciably 
from zero only in the region 0<r&r,., where 7 
is some correlation distance which measures the 
extent of the long-range order in the structure. 
The factor (sinkr)/kr is approximately unity 
for kr<«1 and therefore the value of J for all 
angles such that kX1/r.* will be very nearly 

* Except, of course, for @ within a few seconds of 0°, 
where the 000 scattering, not included in Eq. (1), pre- 


dominates. For samples of appreciable size, this region is 
beyond the reach of experiment. 


wall 


r=Np(1+ f tpn) 
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equal to 
10) =NP( 1+ f Arr"(p— por), (2) 


Zernike and Prins! have shown that 


1+ i) Anr*(p—po)dr =((n—(n)w)®)w/(n)w (3) 


where » is the number of atoms in any selected 
volume of the fluid whose dimensions are large 
compared to r,. This fractional mean square 
fluctuation in m is related to the compressibility 
by a well-known result of statistical mechanics, 
so that, finally, 


RT 
1(0) = NpK, (4) 


where R is the gas constant, T the absolute tem- 
perature, V the molar volume, and K the iso- 
thermal compressibility. This equation is in- 
accurate in cases where K is anomalously large, 
and invalid for samples which are mixtures of 
different substances. 

In understanding the meaning of small-angle 
scattering in terms of atomic arrangements, Eq. 
(2) will for our purposes be more useful than Eq. 
(4). Clearly Z(0) will be large in those substances 
for which p—po tends to be large. We may then 
set ourselves the problem of inquiring what 
kinds of structures will lead to large values of 
JSv*4rr?(p—po)dr. A complete and detailed an- 
swer is not known to the writer, but two general 
types of structures with this property will be 
pointed out. 

If the average density of the sample is small, 
one can easily characterize those arrangements 
which will give small-angle scattering, and such 
structures constitute our first type. More pre- 
cisely, if (4/3)répo<1, the desired condition 
will obtain when fo"4xrpdr is comparable with 
unity or larger. Plainly this means that the atoms 
are arranged in clusters of some sort. A partially 
or completely associated gas best typifies this 
situation, and one easily calculates that if the V 
atoms of a rarefied sample are all associated in 
molecules of m atoms each, J(0) =mNf?, which 
is precisely m times as large as if the N atoms 
were arranged entirely at random. One also 
easily finds that the angle at which this excess 
scattering ceases is given roughly by sind=)/d, 


where d is the diameter of the molecule. This 
simple type of arrangement is of interest chiefly 
because it affords one simple approach to denser 
arrangements which would also show small- 
angle scattering. Thus, if the density of the 
associated gas is allowed to increase one would 
expect the small-angle effect to persist, to a 
diminishing extent, until the intermolecular 
spaces vanished completely. Another artificial, 
but interesting model of this type is the follow- 
ing: Suppose every molecule is diatomic, and 
that the molecular diameter d is considerably 
larger than the diameter of the atoms, and also 
larger than the average distance between neigh- 
boring molecules (imagine the molecules inter- 
penetrate freely, although the atoms are im- 
penetrable). Then, again, 


1 +f A4nr?(p—po)dr>0, 
0 


but the existence of definite clumps would 
hardly be apparent from an instantaneous photo- 
graph of the atomic arrangement. 

A second type of structure giving small- 
angle scattering is one in which macroscopic 
inhomogeneities of any kind are present. Such 
inhomogeneities will cause p to be larger, on the 
whole, at r<r,, than po. It is easy to see that 
the presence of macroscopic regions where the 
mean density is greater than in the surrounding 
regions will elevate p at small r in this fashion. 
It is not so evident, but it is equally true that 
the presence of regions of less than average 
density will also cause p to be larger at small r 
than at large r. Both of these statements may be 
proved in a very general way from the Zernike 
and Prins relation (3), since the presence of 
any regions of inhomogeneity in atomic density 
will make ((”—()w)”)w>0. One may learn more 
about the detailed situation by computing p in 
the following way: If o(x,y,z) is the density of 
atoms at x, y, z in the sample, if there are NV 
atoms in the sample, and if 7, 0, g are polar 
coordinates centered at x, y, 2 


o(r) -— f f f otea.aMo(e+ 


r sin@ sing, y+r sin@ cos¢, 
+r cos0))dxdydz, (5) 
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TABLE I. Zero-angle scattering in argon found by 
two different methods. 








I(0)/Nf? 
Extrapolated from 
Eisenstein and Gingrich 
x-ray measurements 


Datum point 
(numbered as in Calculated 
Eisenstein and fr 


‘om 
Gingrich) compressibility 
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S 
NG 








where the indicated averaging is over @ and ¢. 
Suppose the sample consists of a number of dis- 
tinct regions, each large compared to the inter- 
atomic correlation distance r,, and randomly 
located relative to one another. Let the average 
atomic density in the ith region be o;, and the 
volume of this region V;. For r27., o(x,y,8) in 
the above formula may be taken equal to o; 
when x, y, 2 lies in the ith region, and one finds 


tk deel 
ord f f f Hatge eS eV SE ai¥:. 


However, for sufficiently large r p(r) must equal 
the average atomic density > 0:V;/>-iV;, which 
we call po. By algebraic manipulation one sees 
that the first quotient of summations above is 
always equal to or larger than the second quo- 
tient, the inequality prevailing whenever two or 
more of the regions possess unequal densities, 
and therefor p(r-) 20. One may also show by 
further reasoning from the above constitutive 
formula for p(r) that, so long as most of the sam- 
ple has a uniform average density, the regions of 
inhomogeneity being widely: spaced, p(r) de- 
creases monotonically with r for r2r,. The value 
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of r at which p(r) becomes sensibly equal to p, 
can also be found, and turns out to be equal to 
the largest dimension of the largest region, in 
case the locations of the regions are completely 
random. This means that the small-angle scat- 
tering produced by such inhomogeneous regions 
will become negligible at scattering angles ap. 
proximately such that sin?=\/D, where D is 
the maximum linear dimension of the region. 


3. SCATTERING FROM AN AMORPHOUS SUB- 
STANCE CONTAINING MACROSCOPIC 
INHOMOGENEITIES 


We will now consider in detail a structure of 
the type last discussed, and derive a formula for 
its x-ray scattering. Suppose an amorphous sub- 
stance contains certain regions of macroscopic 
size in which the density, or kind, or arrange- 
ment of molecules is appreciably different from 
that in the rest of the substance, and suppose 


that these regions are randomly distributed | 


throughout the material. This situation would 
occur, for example, if a liquid near its boiling 
point contained small bubbles of vapor, or if a 
vapor near its condensation point contained small 
droplets of liquid. The calculations would also 
apply to an emulsion of one substance with 
another, to a dilute suspension of colloidal par- 
ticles in a liquid, and to the case where the 
special regions contained no molecules at all, as 
in a substance with occasional empty pockets or 
a closely packed aggregate of amorphous par- 
ticles, in which there would be holes interspersed 
among the particles. 

It is possible to calculate from Eq. (5), but it 
will be more convenient to start with the usual 
formula for the scattering from an isotropic 
aggregate of spherically symmetric molecules, 


sink? am 


I=D DL fafe ; (6) 


Rr am 


Here f, is the structure factor of the mth mole- 
cule, and ram is the distance between the nth 
and mth molecules. Each summation extends 
over the entire aggregate. We adopt the fol- 
lowing artifice : The sample is first imagined to be 
macroscopically hornogeneous, and then the real 
sample is arrived at by subtracting all the original 
molecules in certain special regions and then add- 
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ing the clumps of molecules which actually 
occupy these regions. 

Let the ith region of inhomogeneity be re- 
ferred to as R,, let the entire original set of mole- 
cules be called S, let the subset of S which must 
be removed to empty R; be 7;, and let the set 
of molecules actually present in R; be U;. Each 
of the two summations in (6) may then be ex- 
panded as 

D=LD-L-L-  +EFS+ 
n 8 T1 T2 


U1 Ue 


where >cs, for example, means summation over 
all molecules of the set S. Because of the dis- 
tributive property of multiple summations, the 
double summation of (6) then expands, sche- 
matically, as follows: 


Lro(LL)-2LL+222+-:: 
nm (4 ~) ( 8S 71 S Te ) 
H?PUE+HLE + \ VLE 


s Uy, 8 T; Te: 


+8E Be EE) 


Ti Ts T2 Ts 


-GEEVEEt 


Ti U1 T2 Us 


~24, E+ ate eta 


Ti U2 T2 U1 T1 U3 T3 U1 


+2 oe Ete)? pip 


T2 U3 T3 U2 U1 U2 


$20 D4--42E54+- 


U1 Us U2 U3 7 


+(ZE+E E+) 


T™ T1 T2 Te 


+(2 nthat "> @ 


U1 U1 U2 U2 


The summations in (7) have been divided with 
parentheses into 9 groups, each of which is 
conveniently dealt with separately. Each of the 
regions R; will be assumed to have the same size 
and shape. This restriction can be removed by 
the use of suitably averaged terms in the fol- 
lowing development, but it does not seem worth 
while to complicate the reckoning to this extent. 
We suppose the original sample to consist of one 
species of molecule only, and the sets U; to con- 


sist of one species only, possibly a different 
species. We assume that the regions R; have 
random orientations, and occur sufficiently in- 
frequently that they can have random locations. 
We adopt the following symbols. 


Ng=the number of molecules in the set S 
np=the number of regions R; 
Nr=the number of molecules in any one of the sets 7; 
Nu =the number of molecules in any one of the sets U; 
f =the structure factor of the molecules in the set S 
f' =the structure factor of the molecules in the sets U, 
pg=the average density of other molecules at distance r 
from any molecule in the set S 

pso=the limit of pg at large r 

pr=the average density of other molecules of 7; at dis- 
tance r from every molecule in the set 7; 

pu=the average density of other molecules of U; at dis- 
tance r from every molecule in the set U; 


It should be noted that pr and py, because of 
the limited size of the regions R;, not only show 
fluctuations at small r owing to the details of 
atomic arrangements, but also go to zero at a 
distance equal to the largest dimension of R,. 
We further define a function yu related to the 
shape and size of the region R;, as follows: Let a 
single molecule roam at random through such a 
region. Then yu is the average molecular density 
at distance r from points averaged over the en- 
tire region. For a spherical region of radius a, 
one easily finds 


u=(3/4ma3)(r/2a—1)*(r/4a-+1) O<r<2a 
Le =0 r>2a. (8) 


Consider the double summation of (7) applied 
in (6). Because of the large size of the entire 
sample compared to each of the inhomogeneous 
regions, and because of the random locations of 
the latter, the 3rd, 4th, 6th, and 7th parenthe- 
sized groups in (7) may be shown to contribute 
negligibly small amounts compared to the other 
groups. Each of the remaining terms may be 
rewritten as integrations, with the aid of the 
mutual density functions just defined. In re- 
writing the contributions of the ist and 2nd 
groups, no appreciable error is caused by sub- 
tracting pso from ps under the integral sign, for 
the same reasons as used in deriving Eq. (1).! 
Because of the random location of molecules in 
the set T; relative to those in U;, except that 
both sets are confined within R;, the contribu- 
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tion of the 5th group may be rewritten: 
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Collecting these terms and rearranging some- 
what, one finds 
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The meanings of these terms are straightfor- 
ward. The first and third terms arise from the 
interferences between the molecules in’the major 
part of the sample and between the molecules in 
the inhomogeneous regions, respectively, calcu- 
lated as if both these sets were indefinitely large, 
but weighted according to the numbers of mole- 
cules present in each set. The second term will 
be very nearly zero because the factor in curly 


PRESSURE IN ATMOSPHERES 





TEMPERATURE IN °K. 


Fic. 1. Contours of constant zero angle scattering on 
P-T diagram. Taken from Eisenstein and Gingrich data 
be extrapolation. Numbers in circles are values of I(0)/Nf?. 
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brackets is nearly zero, and will hereafter be 
neglected. The last term gives that part of the 
small-angle scattering coming from the size and 
shape of the inhomogeneous regions. Note that 
its coefficient is positive regardless of whether 
the regions contain an excess or defect of elec- 
tronic density. In the case of spherical regions, 
where yu is given by (8), the last term of (9) 
becomes 


nr(Nof’ —Nrf)? 


x [(3/ka*) (sinka—ka coska) }?. (10) 


4. SMALL-ANGLE SCATTERING FROM ARGON 


In a series of very careful measurements of the 
x-ray scattering by liquid and gaseous argon, 
Eisenstein and Gingrich‘ observed a very strong 
scattering at small angles under certain condi- 
tions of pressure and temperature, especially in 
the vicinity of the critical point.5 The suggestion 
has been made‘ that this small-angle effect may 
be evidence of the formation of microscopic 
droplets of liquid in the vapor near its condensa- 
tion point, or of tiny bubbles of vapor in the 
liquid near its boiling point. Such pre-transition 
manifestations have been assumed in several 
proposed theories.® From the results of the pres- 
ent calculations it is possible to make a semi- 
quantitative evaluation of the degree to which 
the argon data support or discredit such a dis- 
crete droplet model. 

As a crude index of the magnitude of the small- 
angle scattering effects in the Eisenstein and 
Gingrich data, we have extrapolated their curves 
of scattered intensity vs. angle to zero angle, and 
taken the ratio [(0)/Nf?, where J(0) is the 
scattered intensity at zero angle (in electron 
units), V is the number of atoms in the sample, 
and f is the atomic structure factor, also at zero 
angle. This extrapolation, of course, is a highly 
inaccurate process, and the results can be ex- 
pected to have little more than order of mag- 
nitude validity in cases when the small angle 
scattering is large. Table I lists these results, 


a : 2) Eisenstein and N. S. Gingrich, Phys. Rev. 62, 261 
5 A similar effect had previously been observed in work 
by Stewart on ether and by Harvey on nitrogen: G. W. 
Stewart, Trans. Faraday Soc. 29, 982 (1933); G. G. Harvey, 
Phys. Rev. 45, 848 (1934). 
6 Among others, J. Frenkel, J. Chem. Phys. 7, 200, 
538 (1939); E. Brody, Physik. Zeits. 23, 197 (1922). 
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Fic. 2a. Typical scattering curve for argon, showing 
small-angle effect. (Eisenstein and Gingrich No. 8.) 


and, for better visualization, the figures have 
been put in their proper places on a pressure- 
temperature diagram and rough contours of 
constant [(0)/Nf? drawn in, as shown in Fig. 1. 
As a check on the experimental values of 
I(0)/Nf? we may use the relation of Zernike and 
Prins, Eq. (4), and compute [(0)/Nf? from known 
values of density and isothermal compressibility.’ 
Extensive P-V data on gaseous argon have been 
given by Onnes and Crommelin,® and fairly 
good values of compressibility may be taken 
from the slopes of their isotherms. For the liquid, 
no such data exist, and the best that could be 
done was to utilize estimates of atomic nearest- 
neighbor separations from the x-ray data of 
Eisenstein and Gingrich. The values of I(0)/Nf? 
so obtained are also listed in Table I. The agree- 
ment seems fair for all points except numbers 7, 
8, 19, and 25, in all of which cases the com- 
pressibility J(0) is considerably too high. It 
seems likely that the values from compressi- 
bility are the more reliable here, for in all these 
cases the experimental scattering curves were 
rising very steeply at their small-angle limits. 
From Fig. 1 it is seen that the most extreme 
effects are found in the vicinity of the critical 
point, as would naturally be expected for a 
fluctuation phenomenon. For a typical scattering 
curve from this realm, showing a marked small- 
angle effect, number 8 of Eisenstein and Gin- 
grich is reproduced in Fig. 2a. One may analyze 
this curve under the hypothesis that the material 


_ Recently Yvon has used this Zernike and Prins rela- 
tion the other way around in the effort to evaluate liquid 
compressibilities from their small-angle x-ray scattering: 
M. J. Yvon, J. de phys. et rad. 7, 201 (1946). 

8H. K. Onnes and C. A. Crommelin, Kon. Akad. van 
Wetenschappen te Amsterdam, 29 Oct. 1910, p. 582, 
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in the sample consists of a homogeneous vapor 
phase containing mp spherical droplets of liquid, 
all of radius a. Referring to Eqs. (9) and (10) 
we should expect that the observed intensity 
curve could be split into two components, the 
first component being the first three terms in (9), 
ascribable to small-scale atomic position corre- 
lations, and the second component being given 
by the last term of (9), ascribable to droplet 
size and density effects. A somewhat arbitrary, 
but highly reasonable assumption for the first 
part is to take it as identical with the curve of 
Fig. 2a except that the rising portion at small 
angles is omitted, the curve being extrapolated 
directly to zero from the bottom of the first 
valley. It is readily shown that both components 
of the intensity curve must have zero slopes at 
zero angle, and hence a straight horizontal ex- 
trapolation would not be unreasonable for this 
component. The remaining component repre- 
senting droplet size effects is then readily de- 
termined. These two curves are shown in Fig. 
2b, the former being labeled Large Angle Com- 
ponent, the latter, Small Angle Component. 
From the small-angle component one can then 
determine the radius of the droplets by fitting 
Eq. (10) to it. This task is made more difficult 
by several factors. Firstly, only a restricted 
portion of the curve is available. Secondly, the 
division of the observed total intensity into small- 
and large-angle components was an inexact pro- 
cedure and may have altered the shape of the 
small-angle component curve. Thirdly, the drop- 
lets, if present, would be expected to occur in a 
range of sizes, and (10) should therefore be re- 
placed by a like term averaged over droplet 
sizes. It does not seem possible to take accurate 








INTENSITY IN E.U. 






Fic. 2b. Subdivision of 2a into large-angle and 
small-angle components, 
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TABLE II. Radii of droplets necessary to explain the 
observed small-angle scattering in argon. 








Droplet Radius, in Angstrom Units 





Datum Average of 
point By methoda By methodb Bymethodc a, b, andc 
5 5.5 6.6 6.5 6.2 
6 6.4 7.8 7.1 
7 3.1 1A 6.3 6.2 
8 4.5 6.5 52 5.4 
9 5.3 5.9 6.0 57 
10 4.9 4.9 4.1 4.6 
23 7.9 7.9 
24 ( 7.2 
25 5.1 7.8 6.5 6.5 
26 4.5 5.2 to 7.3 5.7 








account of these complications; nevertheless, 
even in unfavorable cases the results of simple 
theory should still be correct to an order of 
magnitude. It is not possible to fit (10) to the 
curve of Fig. 2b precisely with any choice of 
parameters. A simplest criterion of fitting, which 
we call method a, is to make the first minimum 
of (10) coincide with the apparent zero point in 
the curve. A second procedure (method 3) is to 
adjust the parameters in (10) (of which there are 
essentially two) to secure agreement at two 
points on the curve. As choice of these two points, 
the zero angle value, determined by compressi- 
bility,.and an experimental value chosen at an 
abscissa about midway between the extremities 
of the curve were taken. This choice should be 
as independent of the above mentioned uncer- 
tainties as any which could be made. A third 
procedure (method c) is to approximate (10) for 
small k by a Gauss error function and determine 
the droplet radius from a measurement of the 
slope of a plot of In(J/f) vs. k.9 This method is 
well known in x-ray particle size determinations.® 
Table II presents the results of the three methods 
for several of the Eisenstein-Gingrich patterns 
which showed prominent small-angle effects. The 
self-consistency is reasonable, and, as a best 
index of the radius of droplet necessary to ex- 
plain the observed scattering, on the assumption 
that molecular arrangement actually is of this 
type, we may take the average of the results 
from the three methods. This is given in the last 
column of the table. 


® The plots of In(I/f?) vs. k*? were remarkably straight 
lines at small angles, except for pattern 26. For this, the 
range of slopes is listed. 


‘the critical point. 
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It is at once evident from these results that 
the predicted droplet radii are in all cases so 
small that it becomes very difficult to believe 
that such droplets could be considered as regions 
of a distinct phase having anything like the 
properties of macroscopic amounts of material 
in that state. In sample number 8, for example, 
the droplet radius of 5.4A is little more than the 
nearest neighbor distance in crystalline argon 
(3.8A), and would be large enough to contain 
only 9 atoms at a density equal to that of the 
liquid at the same pressure and temperature. 

If one knew the density of material in the 
droplet and vapor regions, one could also calcu- 
late the number of droplets which must occur in 
the sample. In the absence of better information, 
a first approximation would be to assume the 
density of the “‘pure’”’ vapor to be the same as 
the macroscopic vapor density, and to assume 
the material in the droplets to be of the same 
density as the macroscopic liquid at the same 
pressure. Calculating on this assumption with 
sample number 8, one finds that 70 percent of 
the atoms in the sample would be contained in 
the liquid droplets, and that the liquid droplets 
would occupy 38 percent of the sample volume. 
This means, among other things, that the 
original assumptions for “‘liquid’’ and ‘‘vapor” 
densities must have been wrong, but the assump- 
tion of various densities does not radically alter 
these figures. 

Thus, the x-ray observations could be ex- 
plained by the assumption of a droplet model, 
but in order to do so the majority of the droplets 
(or bubbles) would have to be extremely small 
for all of the cases which can be examined from 
the present x-ray data, and the droplets would 
in many cases have to be exceedingly numerous. 
It is, of course, possible that radically different 
effects could be observed at points still closer to 


Besides the droplet atomic arrangement for 
explaining this small-angle scattering, many 
other arrangements are also conceivable, as was 
indicated in a previous section. All of these 
may be considered as various irregular ways of 
clumping the molecules, but it does not seem 
worth while to attempt to characterize any of 
them in further detail, or to compare the scat- 


COSMIC-RAY BURSTS 


tering which they would yield with these experi- 
mental results. From the standpoint of naive 
statistical mechanical theories of liquid struc- 
ture, some of them seem at least equally plausible 
with the droplet model, particularly when the 
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extremely small size of droplet demanded is 
taken into account. 

The author is indebted to Professor Gingrich 
and Professor Eisenstein for helpful conver- 
sations. 





PHYSICAL REVIEW 


VOLUME 74, 


NUMBER 9 NOVEMBER 1,- 1948 


A Study of Cosmic-Ray Bursts 


H. S. Bripce, W. E. Hazen,* B. Rossi, AND R. W. WILLIAMS 
Physics Department and Laboratory for Nuclear Science and Engineering, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


(Received June 21, 1948) 


A “fast” ionization chamber, suitable for the inves- 
tigation of cosmic-ray bursts, is described. The operation 
of the chamber and of the associated electronic circuits is 
discussed. The nature of the cosmic-ray events responsible 
for the production of ionization bursts was studied (a) 
by observing coincidences between several ionization 
chambers, (b) by analyzing the shape of the ionization 
pulses, (c) by operating an ionization chamber inside a 
cloud chamber which was expanded whenever the ioniza- 
tion chamber recorded a pulse. The experimental results 
led to the following conclusions: (1) at mountain altitudes 


I. INTRODUCTION 


HE ionization chamber has been widely 
used in cosmic-ray studies, both as an 
integrating instrument, to record the average 
number of ion pairs per second produced by 
cosmic rays in a given volume of gas, and as a 
pulse instrument, to detect the sudden appearance 
of large ‘“‘bursts’’ of ionization. The most common 
cosmic-ray phenomena which give rise to ioniza- 
tion bursts are (a) cascade processes (initiated by 
high energy electrons or photons) resulting in 
the production of large electron showers, ()) 
nuclear disintegrations resulting in the emission 
of one or more heavily ionizing particles, mostly 
protons and a-particles with energies of the order 
of 10° or 107 ev. Recent experiments have 
brought to light the existence of complex reac- 
tions in which showers and heavily ionizing 
particles appear simultaneously. 
The advances in experimental techniques 
made during the war at the Los Alamos Labora- 


*Now at the University of Michigan, Ann Arbor, 
Michigan, 


98 percent of the ionization pulses in an unshielded chamber 
of the type used are produced by nuclear disintegrations, 
the remaining 2 percent by air showers; (2) in the nuclear 
disintegrations, heavily ionizing particles of sufficiently 
high energy are produced to cause coincidences between 
neighboring chambers; (3) nuclear disintegrations are 
produced mainly by non-ionizing rays, which are possibly 
neutrons, certainly not photons; (4) about 12 inches of 
lead is necessary to reduce the intensity of the radiation 
which produces nuclear disintegrations to 1/e times its 
original value. 


tories and elsewhere have opened a wider field 
of application for the ionization chamber as a 
pulse instrument.! It has been shown that by 
using improved electronic circuits and by taking 
appropriate precautions to prevent electron 
attachment, ionization chambers can be made 
into detectors which are considerably faster and 
more sensitive than ionization chambers of the 
older type. It has thus become possible to use 
ionization chambers for a greater variety of 
experiments, in particular for coincidence ex- 
periments in which small resolving times are 
required. 

Experiments on cosmic rays by means of 
“fast’’ ionization chambers were begun at the 
Massachusetts Institute of Technology in the 
spring of 1946. Preliminary reports on some of 
the results obtained have already been pub- 
lished.2-* The present paper discusses methods 


1 See ‘Ionization chambers and counters” by B. Rossi 
and H. S. Staub, Vol. 2 of the Los Alamos Technical 
Series, in press. This work will be referred to as R.S. 

?H. Bridge and B. Rossi, Phys. Rev. 71, 379 (1947). 

3H. Bridge, Phys. Rev. 72, 172 (1947). 
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for separating the various kinds of cosmic-ray 
events which produce bursts in ionization 
chambers and describes some new results con- 
cerning cosmic-ray-induced nuclear disintegra- 
tions. These results were obtained by means of 
ionization chambers used both alone and in con- 
junction with a cloud chamber. 


Il. THE IONIZATION CHAMBER AND 
AMPLIFIER 


1. Design and Electric Connections of the 
Chamber 


All of the chambers used in our experiments 
were of cylindrical shape and similar in design to 
the chamber described in R.S., Chap. 5.4. The 
constructional details were somewhat modified 
in the course of the work and Fig. 1 represents 
the design which was adopted in the most recent 
experiments. 

The outer shell H, which is also the high 
voltage electrode, consists of a brass tube 3 
inches in outer diameter with 35-inch walls. The 
collecting electrode, C, is a kovar wire, 0.025 inch 
in diameter and 20}3-inch effective length 
stretched along the axis of the brass tube. This 
wire is supported by the glass-kovar seals shown 
in the figure. The kovar cylinders, G, (guard 
electrodes) are grounded during operation to 


La +t) 





=s 


Fic. 2. Electrical connections of the ionization chamber. 


a O47) Rossi and R. W. Williams, Phys. Rev. 72, 172(A) 
sd RW. Williams and B. Rossi, Phys. Rev. 72, 172(A) 
1947). 

6H. Bridge, B. Rossi, and R. W. Williams, Phys. Rev. 
72, 257 (1947). 
7 5) Bridge, W. E. Hazen, B. Rossi, Phys. Rev. 73, 179 
1948). 

8 R. W. Williams, Phys. Rev. 73, 1252;(1948). 
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Fic. 1. The ionization 
chamber. 


prevent leakage of charges from the high voltage 
electrode to the collecting electrode. S represents 
a polonium source, which is used for the cali- 
bration of the chamber. A, B are the connections 
for the gas filling (see below). 

The electrical connections of the chamber are 
schematically represented in Fig. 2. The outer 
shell is kept at a fixed negative voltage — Vo of 
the order of 1500 volts. The collecting electrode 
is grounded through a resistor, r, and connected 
to the input of an electronic amplifier, A. The 
output of the amplifier feeds into a recorder, R, 
which may be either a cathode-ray oscilloscope 
or an electronic pulse height discriminator. The 
combined capacity to ground, C, of the collecting 
electrode, the amplifier input and the connecting 
leads will be called the “input capacity.”’ The 
product RC will be referred to as the “input time 
constant.” 


2. Operation of the Chamber? 


In this section we shall discuss the relationship 
between the number and distribution of ion 
pairs produced in the chamber by a given ionizing 
event, and the size and shape of the correspond- 
ing voltage pulse at the output of the amplifier. 
The chamber is filled with argon, a gas in which 
no electron attachment takes place, so that the 
negative ions are free electrons (see Section 3 
below). The operation of the chamber can be 
described by considering it as a generator whose 
output current, J, depends on the ionization of 
the gas. The expression for J may be written as 
I=I++I- where J+ and I~ are given by the 
equations: 
It=(e/K)[Lwtkt*]; I-=(e/Vo)lLw-E-]) 

(1) 

In the above equations, e represents. the elec- 

tronic charge; Vo, the voltage difference between 


9 See reference 1, Chap. 53 
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Fic. 3. Charge displaced through the ionization chamber 
as a function of time (schematic). 


the electrodes; w,+, the drift velocity of a given 
positive ion; E,*, the electric field strength at 
the place where this ion finds itself at the time 
considered. The corresponding quantities for a 
given electron are w;, E;~. The summations are 
extended to all of the ions and electrons present 
in the chamber. J+ and J~ may be considered to 
represent the contributions of the motion of 
positive ions and electrons respectively, to the 
total intensity, J, of the ionization current. 
Consider the case that WN ion pairs are pro- 
duced simultaneously in the chamber at the 
time ¢=0. An ionization current will set in and 
last until all ions have been collected. Under the 
conditions of our experiments, the drift velocity 
of the electrons is of the order of 10° cm sec.~, 
the drift velocity of positive ions is of the order 
of 10? cm sec.—!. Therefore the electron current 
I- will last for a time 7~ of the order of micro- 
seconds, while the positive ion current J+ will 
last for a time r+ about 1000 times longer and 
will have a value correspondingly smaller. It 
follows that the charge displaced through the 
chamber at the end of time #, i.e., the quantity 


Q(t) = f I(ts)dt 


increases at first very rapidly until all electrons 
have been collected (¢=7-) and then much 
more slowly, until the collection of the positive 
ions is completed (¢= 7+) as shown schematically 
by the solid line in Fig. 3. 

Let us indicate with Qo- and Qo* the total 
charges induced by the motion of electrons and 
positive ions,- respectively. Integration of Eqs. 
(1) yields 


Qo- = —(e/ vce Vi), 


Out = (e/ vod (Vi V)}, 
Qo = Qot+Qo- = Ne, 





oe] | 
A, A, | 


Fic. 4. Schematic diagram of ‘‘delay line clipping.” 

















where V; is the voltage at the place where the ith 
ion pair is produced. Since the charge induced by 
the motion of the positive ions in the time r— 
is negligible compared with the charge induced 
by the motion of the electrons in the same time, 
the value of Q at t=7~ is practically identical 
with Qo. 

The electronic amplifiers used in our experi- 
ments were of the type described as ‘‘model 100 
Amplifiers” in Vol. I of the Los Alamos Tech- 
nical Series by W. C. Elmore and M. Sands, and 
were equipped with a “‘delay-line” type of low 
frequency rejection network (or “delay line 
clipping’). This device consists of a delay line 
DL in series with its matching resistor Rn, and 
is inserted between two sections A;, A2 of the 
amplifier, as shown in Fig. 4, where a is the 
output of the first section of the amplifier and D 
the input of the second section. The output im- 
pedence at point a is very small compared to the 
characteristic impedance of the delay line. 
Hence the first reflected pulse is absorbed in R, 
with no further reflections. Thus, the voltage at 
b is the superposition of two voltage pulses; a 
direct pulse of the same shape as the pulse at a 
and a reflected pulse of opposite sign delayed by 
a time ¢, equal to twice the delay time of the line. 
If the delay line has no attenuation, both of these 
pulses have amplitudes equal to one half the 
amplitude of the pulse at a. If all coupling time 
constants (including the input time constant, 
RC) are long compared with ¢,, the ‘‘transient 
response’’ of an amplifier with delay line clipping 
is of the general type shown in Fig. 5. The 
transient response is here defined as the function 


y(t) 

















Be > 


= t 





Fic. 5. Transient response of an amplifier with delay line 
clipping. 
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v(t) which represents the output voltage obtained 
when a unit charge is applied instantaneously 
to the input at the time ¢=0. The maximum 
value, K, of the function ¥(¢) multiplied by the 
input capacity, C, may be defined as the ‘‘am- 
plification”’ A : 


A=KC. (3) 


The time ¢, during which y(é) rises from 0.1K to 
0.9K will be referred to as the “rise time.”” The 
time ¢, defined above will be referred to as the 
“clipping time.”’ 

The voltage at the output of the amplifier cor- 
responding to an arbitrary current J(é) at the 
input is given by the equation 


Vi)= J I(t)v(t—h)dhy. (4) 


In our experiments, the rise time ¢, was short 
compared with the collection time of the elec- 
trons, 7, while the clipping time ¢ was only 
slightly longer than 7~ and, therefore, was very 
short compared with the collection time of 
positive ions r+. Under these conditions the 
computation of the output voltage corresponding 
to an ionization burst at ¢=0 can be’simplified 
by considering y(t) a square wave, i.e., by taking 
y(t) =K =const. for 0<t<é, and y(t) =0 for t<0 


.5 1 


Fic. 6. Size of haa anges pulse for a particle traversing 
the ionization chamber perpendicularly to the axis, as a 
function of the distance 7 of the track from the axis. 
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or ¢>¢,. Equation (4) then yields: 


V@=K f I(ti)dti=KQ(t) for t<t., 
0 
(5) 


t 


Vi)=K I(ti)dti=KLQ(4) —Q(t—t) ] 
- for t>te. 


These equations together with Fig. 3 show that 
V(t) reaches the value KQo- at t=r-, stays 
practically constant until t=, and then de- 
creases again, reaching zero at the time ¢,+77, as 
indicated by the dotted curve in the same figure. 
Thus the size of the input pulse is proportional 
to the charge Qo induced by the motion of the 
electrons. 

The value of Qo~ depends on the number, JN. 
of ion pairs produced in the chamber and on the 
position in which these ions are produced (see 
Eq. (2)). For instance, if NV ion pairs are produced 
at the same distance r from the axis of the 
chamber, Qo~ has the value 


Qo- = Ne[In(r/a)/In(b/a) J, (6) 


where a is the radius of the wire, b the radius of 
the outer cylinder. If, instead, the ionization is 
distributed uniformly throughout the chamber 
we obtain: ' 


Qo* = Ne[b?/(b?—a?)—1/2In(b/a)] (7) 


or, for a chamber of the dimensions specified in 
Section II—1, Qo~ =0.90Ne. Consider finally the 
case of a particle with constant specific ionization 
which traverses the chamber perpendicular to 
the axis, at a distance r from it. Curves giving 
Qo-/Ne vs. r/b are shown in Fig. 6 for different 
values of the ratio b/a. Ne is the total charge 
which would be released by a particle - inter- 
secting the axis (r=0) if a@ were equal to zero. 
The variation of the induced charge, Qo-, with 
increasing 7 shown by the curves in Fig. 6 is the 
result of two effects which act in opposite direc- 
tions, namely, the reduction in the length of the 
track and the increase in its distance from the 
collecting electrode. 


3. Gas Filling 


An attempt was made to use mixtures of 
argon and CO, as gas filling in order to obtain 
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very short times of collection for electrons (see 
R.S., Chap. 1.4). The experience at Los Alamos 
has shown that chambers of a design similar to 
ours work satisfactorily with argon —COz filling 
as detectors for y- or B-rays (see R.S., Chap. 5.4). 
In testing the chambers with a source of polo- 
nium a-particles, however, it was found that the 
size of the pulses obtained with 5 atmospheres of 
argon plus 5 percent of CO: varied as the voltage 
across the chamber was changed and failed to 
reach saturation at the maximum voltage allowed 
by the design of the instrument. We believe that 
the reason for this behavior is columnar recom- 
bination, the influence of which is negligible in 
the case of lightly ionizing rays such as high 
energy electrons, but becomes important in the 
case of heavily ionizing rays such as a-particles. 
Since it was desirable to obtain quantitative 
response both for lightly ionizing and for heavily 
ionizing particles, and to use fairly high pressures 
so as to increase the sensitivity of the chamber, 
an effort was made to minimize columnar recom- 
bination by a more appropriate choice of the 
gas. It was found that pure argon with pressures 
up to about 7 atmospheres behaves satisfactorily 
in this respect and pure argon filling was thus 
adopted in all of our experiments. With 5 atmos- 
pheres pressure and 1000 to 2000 volts across the 
chamber, the time of collection of electrons was 
found to be approximately 7 microseconds. This 
time, even though considerably longer than the 
collection time in argon—CO, mixtures (see 
R.S., Chap. 5.4), proved adequate for most of 
our applications. 

The filling procedure was as follows: the 
chamber was connected at A and B (see Fig. 1) 
to a purifier, consisting of an iron vessel filled 
with calcium metal chips, which could be heated 
electrically. The chamber and the purifier were 
first kept under vacuum for several hours with 
the purifier at 300°C. Then they were filled with 
tank argon through a dry ice trap. After closing 
the connection with the filling system, the gas 
was allowed to circulate by convection through 
the purifier at 300°C for 12 hours, at the end of 
which period the chamber was sealed off from the 
purifier. 


4. Calibration 


For the calibration of the chambers and of the 
amplifiers two different methods were used. 
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Fic. 7. Bias curve obtained with a polonium source in the 
chamber. 


(a) As already mentioned, all chambers were 
provided with a polonium source placed near 
the outer wall. The polonium a-particles have an 
energy of 5.3 Mev and their range in argon at 
5 atmospheres (the smallest pressure used in our 
chambers) is 0.74 cm. This range is small com- 
pared with the radius of the chamber. The 
a-particles brought to rest in the gas produce a 
number of ion pairs given by V=5.3X10°/Wo, 
where Wo is the average energy to produce an 
ion pair, which, for argon, is equal to 26 ev. 
Since the range of the a-particles is small com- 
pared with the radius of the chamber, the cor- 
responding value of Qo- depends only slightly on 
the direction of the track. It is a maximum for 
a track running close to the wall, in which case 
Qo = Ne=2.04X105e, and is 3 percent smaller 
than this maximum for a track perpendicular to 
the wall. The most convenient way to determine 
the maximum pulse height is to find the end 
point of the integral pulse height distribution, or 
bias curve, i.e., of the curve which gives the 
number of pulses larger than a certain size as a 
function of this size. As an example, the bias 
curve obtained with one of our ionization 
chambers is shown in Fig. 7. Its end point is 
determined by extrapolation of the linear portion 
of the curve, as shown in the figure. In the 
arbitrary scale of pulse height used, the extra- 
polated end point is at P= 74. In this experiment, 
the voltage across the chamber was 675 volts. 
No appreciable change in the bias curve was 
observed by raising the voltage from 675 to 2000 
volts. This may be taken as an indication that 
already at 675 volts electron recombination and 
attachment were negligible. In other chambers 
this condition was reached at a somewhat larger 
voltage, which, however, was never higher than 
800 volts. The bias curve shown in Fig. 7 was 


















































Fic. 8. Block diagram of the electronic equipment used in 
the coincidence experiments. 


measured at sea level, where the cosmic-ray 
background is negligible compared with the 
counting rate from the polonium a-particles as 
shown by the fact that practically no counts are 
recorded at a bias slightly larger than the a-par- 
ticle end point. The lack of a flat ‘‘plateau”’in 
the bias curve is presumably explained by a 
background of pulses from radioactive con- 
tamination of the chamber. This background 
does not affect appreciably the extrapolated end 
point of the polonium a-particles. 

(6) An electronic pulser was built to apply 
voltage pulses of known magnitude and in the 
shape of step functions to the high voltage elec- 
trode of the chamber. The charge Q, induced on 
the collecting electrode when the potential of the 
high voltage electrode is changed by a value Vi 
is given by 

Qi=CiNi, 


where C,; represents the capacity between the 
two electrodes of the chamber. C, can be cal- 
culated easily if end effects are neglected. For a 
chamber of our type the calculated value of C; 
is 6.1 yuF. The extrapolated end points of the 
a-particle bias curve were found to be within 20 





Fic. 9. Photographic record of the four horizontal 
traces of the coincidence method. The apparatus was 
triggered by the large pulse appearing on the right-hand 
trace; two other traces show small time-coincident pulses. 
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percent of the value computed from the cali- 
bration by means of artificial pulses. It is believed 
that the uncertainties in the energy loss per ion 
pair, Wo, and in the value of the interlectrode 
capacity, Ci, are sufficient to account for the 
discrepancy. In what follows, the calibration of 
the chambers will be based on the bias curves of 
the polonium a-particles. Pulse heights will be 
measured by the quantity Qo-Wo/e expressed in 
electron-volts. This quantity represents the 
energy dissipated in the production of Qo~/e ion 
pairs. 


Ill. COINCIDENCE EXPERIMENTS 
1. The Principle of the Method 


Ionization bursts caused by showers and by 
heavily ionizing particles can be separated by 
using several ionization chambers properly 
arranged and by recording the pulses of the 
various chambers simultaneously. Both the prob- 
ability of a coincidence between the chamber 
pulses, and the distribution in size of the pulses 
when a coincidence occurs, are different de- 
pending on whether the chambers are recording 
showers or nuclear disintegrations. 


2. The Experimental Equipment 


In the coincidence experiments, four ionization 
chambers were used. A block. diagram of the 
electronic equipment is shown in Fig. 8. The 
pulses of the individual chambers were amplified 
separately and brought to the deflecting plates 
of four cathode-ray oscilloscopes. The same 
pulses were also brought to four pulse height 
discriminators which could be adjusted to fire for 
signals larger than a predetermined value. The 
output pulses of the four discriminators were fed 
to a mixer circuit, which gave a pulse whenever 
at least one discriminator fired. This pulse was 
used to trigger a sweep generator, the purpose of 
which was to intensify the beams of the oscil- 
loscopes (which were normally biased below 
cut-off) and to provide a linear horizontal sweep. 
The four oscilloscope screens were photographed 
on a continuously moving film. Figure 9 is the 
reproduction of a picture showing pulses of dif- 
ferent sizes in three of the four chambers and no 
pulse in the fourth. 

The equipment was calibrated at frequent 
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intervals during the experiments, both with 
a-particle pulses and with artificial pulses. The 
gain was adjusted so that the minimum detect- 
able deflection of the oscilloscope beams cor- 
responded to a pulse of 0.25 Mev. This size of 
pulse was about ten times larger than the (r.m.s.) 
amplifier noise. Pulses caused by electric pick-up 
were occasionally recorded but could be easily 
distinguished from ionization pulses by their 
oscillatory nature. They were, of course, rejected 
in the evaluation of the data. The speed of the 
sweep was 7 X10‘ cm sec.— and its total duration 
60 microseconds. Examination of the oscilloscope 
records made it possible to establish the simul- 
taneity of the pulses in the various chambers 
with an accuracy of 6 microseconds. 


3. Separation of Bursts from Showers and 
Nuclear Disintegrations 


The four chambers were arranged close to one 
another with their axes horizontal, as shown in 
Fig. 10. The group of chambers was enclosed in 
a wooden box 34-inch thick, lined with a 0.011- 
inch copper sheet for electrostatic shielding. The 
box was placed in a wooden shack at Climax, 
Colorado (elevation 3500 meters, average at- 
mospheric pressure 673 g cm~*). The roof of the 
shack was 1.5 g cm~? thick. Measurements were 
taken with the circuit adjusted to trigger the 
four sweeps whenever a pulse larger than 7.5 Mev 
appeared in any one of the four chambers. Such 
a pulse is 1.4 times the pulse produced by a 
polonium a-particle and consequently we may 
assume that only cosmic-ray events were re- 
corded. The fact that the rate of occurrence of 
pulses larger than 7.5 Mev increases by a factor 
of about 14 between sea level and 3500 meters 
conclusively confirms our assumption. The results 
obtained in 63.1 hours of observation are sum- 
marized in Table I, and parts of these data are 
analyzed in Figs. 11, 12, and 13. Table I gives 
a classification of the pulses larger than 7.5 Mev 
which occurred in chamber 2 or in chamber 4 
according to whether pulses larger than 0.25 Mev 
occurred simultaneously in none, one, two, or 
three of the other chambers. Curve (a) in Fig. 11 
shows the combined integral pulse height dis- 
tribution for the pulses of chamber 2 which are 
not accompanied by pulses larger than 0.25 Mev 
in chambers 1, 3, 4, and for the pulses of chamber 
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TABLE I. Classification of the pulses larger than 7.5 Mev 
in chamber 2 (the upper chamber) and chamber 4 (the 
lower chamber) according to the number N of additional 
chambers in which simultaneous pulses larger than 0.25 
Mev occurred. 








Chamber 





N i 1 2 3 0 1 2 3 
Total counts 644 130 35 21 738 SF oo 78 28 
Counts per hour 10.2 2.06 0.55 0.33 11.6 1.38 0.33 0.44 








4 which are not accompanied by pulses larger 
than 0.25 Mev in chambers 1, 2, 3. Similarly, 
curve (bd) in the same figure shows the combined 
integral pulse height distribution for the pulses 
of chamber 2 or chamber 4 which are accom- 
panied by a pulse larger than 0.25 Mev in at 
least one other chamber. 

Figure 12 is a histogram of the frequency of 
occurrence of various values of the mean devi- 
ation from the mean of pulse heights in events 
in which three chambers had observable pulses. 
These mean deviations have been divided by the 
square root of the mean, in order that events 
with different mean pulse heights may be com- 


Fic. 10. First arrangement of the chambers in the coin- 
cidence experiments. 





| 
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Pulse Height in MEV 





Fic. 11. Integral pulse height distributions for single 
pulses (curve a) and for coincidences (curve }) (time of 
observation 35.7 hours). 
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pared. The quantity plotted is therefore 


a $ | (P)w —P;| 
=1 3((P)w)* 


where P; is the pulse height in the 7th chamber, 
and (P) is the average pulse height for the 
three chambers. 

Figure 13 shows the same type of histogram 
for fourfold coincidences.” 

In the experiment described, no heavy material 
was present above the chamber. This rules out 
the possibility that locally produced ordinary 
cascade showers may be partly responsible for 
the observed bursts. These bursts, therefore, 
must be produced either by large air showers or 
by nuclear interactions. It is reasonable to 
assume that an air shower should produce pulses 
of not very different sizes in the four thin- 
walled chambers used in our experiments. Direct 
experiments fully confirm this view, as will be 
shown in a separate paper by R. W. Williams. 
Thus any event in which at least one of the 
ionization chambers fails to give a detectable 
pulse must be interpreted as the result of nuclear 
interactions. Indeed it is likely that not even all 
of the fourfold coincidences are caused by air 
showers. Examination of Fig. 13 shows that the 
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Fic. 12. Spread in pulse height for threefold 
coincidences. 


10 Qualitative examination of the records shows that the 
fourfold events fall into two groups, “‘large-deviation” and 
“small-deviation” events. When the chambers are struck 
by an air shower we would expect a small mean deviation, 
caused mainly by the fluctuations in the number, N, of 
particles traversing each chamber. The distribution in 
number of particles may approximate a Poisson distribu- 
tion, for which, if (NV) is large, the mean deviations are 
proportional to (()ay)#. Therefore, if we divide by ((P),y)}, 
which is proportional to ((N)w)#, we will compare all air 
showers on the same basis, regardless of size, 
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fourfold coincidences fall rather sharply into two 
groups, one in which the mean deviations are 
small, and one in which the mean deviations are 
large. It is natural to explain the pulses of the 
first group as caused by air showers, the pulses 
of the second group as caused by nuclear disin- 
tegrations. One thus concludes that air showers 
and nuclear disintegrations account, respec- 
tively, for 55 percent and 45 percent of the four- 
fold coincidences observed. It appears that very 
few of the ionization pulses observed at 3500 
meters in thin-walled ionization chambers of our 
type are produced by air showers. The total 
number of pulses larger than 7.5 Mev in each 
chamber, regardless of whether or not detectable 
pulses were present in any other chamber, was 
13.45 per hour. Of these, 0.3 per hour were 
accompanied by pulses of size comparable with 
their own in all of the other chambers. Thus air 
showers contribute about 2 percent of the total number 


‘of pulses larger than 7.5 Mev observed in a single 


chamber. 

It should be noted that the relative numbers 
of pulses produced by air showers and by nuclear 
disintegrations is dependent on the dimensions 
of the chamber, the pressure of the gas, and the 
bias setting. It was found, for instance, that at 
3500 meters the. number of pulses larger than a 
certain size P produced by air showers varies as 
P78 As shown in Fig. 11, the pulse height 
distribution for all pulses decreases more rapidly 
with increasing P. It thus follows that the con- 
tribution of air showers relative to that of nuclear 
disintegrations becomes increasingly important 





No. of Events 








Fic. 13. Spread in pulse height for fourfold 
coincidences. 


1 R, W. Williams, to be published. 
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as the bias energy is raised. The pulse height 
distribution which we observe also verifies the 
interpretation given for Carmichael’s burst data 
by H. Euler.” Also, because of the relatively 
short range of the fragments from nuclear disin- 
tegrations and the large range of shower elec- 
trons, high gas pressure favors the detection of 
air showers. Thus Lapp,!* whose ionization 
chamber had a pressure of fifty atmospheres, and 
who required an energy loss of several hundred 
Mev, reports that about 85 percent of his bursts 
at sea level were caused by air showers. 


4, Further Results Concerning Nuclear 
Disintegrations 


An unexpected result of our experiments was 
the fairly large number of coincidences between 
neighboring ion chambers which arise from 
nuclear events. It is believed that most of these 
events are disintegrations which take place in 
the wall of one chamber, and in which protons of 
sufficiently high energy to penetrate the walls 
of other chambers are produced. It may be noted 
that a proton must possess at least 21-Mev 
energy to traverse one chamber wall and 31 Mev 
to traverse two chamber walls. On the other 
hand, any proton with more than 0.25 Mev and 
less than 230 Mev traversing a chamber along a 
diameter will produce a detectable pulse. The 
large spread in size of the pulses simultaneously 
produced in two or more chambers by nuclear 
interactions (see Figs. 12, 13) is consistent with 
this interpretation. 

Measurements were made of the coincidence 
rate between two chambers in contact as a func- 
tion of their relative position. It was found that 
this rate is practically the same when the 
chambers are arranged one above the other and 
when they are arranged one beside the other. 
This result is again consistent with the above 
interpretation, since it is known that the heavily 
ionizing particles produced in nuclear interac- 
tions are distributed approximately at random in 
direction. However, the data in Table I clearly 
indicate a slight tendency for these particles to 
be projected in a downward direction. In fact, 
while the total counting rate for pulses larger 
. ®H. Euler, Zeits. f. Physik 116, 73 (1940). See also 


J. Clay and C. G. T’Hooft, Physica 9, 251 (1944). 
#R. E. Lapp, Phys. Rev. 69, 321 (1946). 
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TABLE II. Number of coincidences in 42.2 hours between 
the different pairs of chambers in Fig. 14. 








Coincidences in 
hours 


Distance between 


Chambers axes (inches) 42.2 


,2 3 

43 
6 

74 

134 





1 
y- 
3 
1 
1 








than 7.5 Mev is very closely the same for 
chambers 2 and 4 (13.1 and 13.7 respectively), 
the fraction of such pulses accompanied by 
pulses in other chambers is greater for chamber 2 
(upper chamber). 

The coincidence rate was also measured as a 
function of the distance between chambers. For 
this experiment the four chambers were arranged 
with their axes in a horizontal plane, as shown 
in Fig. 14. The numbers of coincidences recorded 
in 42.2 hours are shown in Table II. It is seen 
that the number of coincidences decreases very 
rapidly with increasing distance. An approximate 
calculation shows that this number varies 
roughly as the average solid angle subtended by 
one chamber at the other, as one would expect 
according to our interpretation. It is possible, of 
course, that the rate of coincidences (1, 3) and 
(1, 4) might be reduced by absorption in the 
walls of the intervening chambers. Even though 
there seems to be little doubt that most of the 
coincidences are caused by single nuclear events, | 
the possibility cannot be excluded that some 
coincidences may be produced by two or more 
disintegrations occurring simultaneously in dif- 
ferent ionization chambers. 

In order to obtain information on the nature 
of the radiation which causes the observed disin- 
tegrations, measurements were taken with the 
chambers arranged as shown in Fig. 10 and with 
lead absorbers of different thicknesses placed 
around them (see Fig. 15). The results obtained 
are summarized in Fig. 16, where the abscissa 
represents the thickness in g cm~ of the lead 
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Fic. 14. Arrangement of chambers for the study of the 
variation of the coincidence rate with distance. 
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Fic. 15. Arrangement of ionization chambers and lead 
shields for the absorption measurements with 6 inches of 
lead. Dashed line in sectional view shows the additional 
6 inches used for the 344 g cm= point. 


absorber and the ordinate represents the cor- 
responding transmission; i.e., the ratio V/Np of 
the counting rates with and without lead. It 
should be noted that in the measurements at 115 
g cm~ and 172 g cm the thickness of lead on 
the sides was equal to that on top, while the 
point at 344 g cm~ was obtained with only 172 
g cm~? on the sides. ; 

Data for the following events were recorded: 
(a) a pulse larger than the bias energy in chamber 
2 or 4 not accompanied by a pulse larger than 
0.25 Mev in any other chamber; (0) a pulse 
larger than the bias energy in any chamber 
accompanied by pulses larger than 0.25 Mev in 


one or two additional chambers; (c) a pulse © 


larger than the bias energy in any chamber ac- 
companied by pulses larger than 0.25 Mev in all 
other chambers. The bias energy was 12.5 Mev 
for the point at 115 g cm of lead, and 7.5 Mev 
for the other two points. Experiments showed 
that the pulse height distribution is not appre- 
ciably affected by the lead shielding so that the 
values of the transmission should be independent 
of bias. The events of type (a) observed either 
with or without lead are surely caused by nuclear 
disintegrations. Indeed, a shower from the lead 
may strike one of the lateral chambers (1 or 3) 
without striking any other chamber, but cannot 
strike one of the middle chambers (2 or 4) alone. 
The possibility that any appreciable number of 


showers may strike chamber 2 and be absorbed 
in the chamber walls, thus failing to discharge 
chamber 4, is ruled out by the observation that, 
with as well as without lead, single pulses of 
chambers 4 are slightly more numerous than 
single pulses of chamber 2 rather than the other 
way around (the interpretation of this slight dif- 
ference has been given above). Thus the varia- 
tion with increasing lead thickness of the count- 
ing rate for single pulses in chamber 2 or 4 may 
be considered to represent the absorption in lead 
of the radiation which produces nuclear disin- 
tegrations. The experimental data seem to indi- 
cate that the absorption curve has an inflection 
point. We feel that further experiments are 
necessary before this detail may be considered 
as established beyond any doubt and before its 
possible significance may be profitably discussed. 
Here we only wish to point out that the absorp- 
tion in lead of the parent ‘radiation is much 
smaller than the absorption of high-energy 
electrons or photons. This result, which is in 
agreement with qualitative data obtained by the 
observation of ‘‘stars’” in photographic emul- 
sions,!* proves that electrons or photons are not 
the major source of nuclear disintegrations in 
cosmic rays. Our results are not in disagreement 
with the hypothesis that most of the disintegra- 
tions are produced by neutrons. The absorption 
curve for events of type (b) does not seem to 
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$ (0) Single 
$ (b) Twofold or Threefold 
} (c) Fourfold 


100 200 
1(9 cm*) 


Fic. 16. Ratio of the counting rates with and without 
lead as a function of the lead thickness ¢. The straight line 
represents an exponential decrease with a mean free path 
of 330 g cm™. . ‘ 


4D, H, Perkins, Nature 160, 707 (1947). 
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differ greatly from that for events of type (a). 
This may be construed as an indication that, 
also under lead, twofold and threefold coin- 
cidences, as well as single pulses, are mainly 
caused by nuclear disintegrations. 

The number of fourfold coincidences (event c) 
is found to increase by about a factor of 2 when 
172 g cm~ of lead is placed above the chambers. 
This increase can easily be understood if electron 
showers capable of discharging the four chambers 
are produced in the lead by a penetrating radi- 
ation. This effect is known to occur.®7 1315 The 
failure to observe a decrease in the fourfold 
counting rate when the lead thickness is in- 
creased from 172 to 344 g cm~ is somewhat 
surprising in the light of other results.!® Here 
again, however, we feel that more accurate ex- 
periments are needed before any conclusion can 
be reached. 


IV. THE PULSE SHAPE METHOD 
1. The Principle of the Method 


Some information on the nature of the 
processes which give rise to bursts in ionization 
chambers can be obtained by examining the 
shape of the pulses. The ionization produced by 
a shower is fairly uniformly distributed over a 
large portion of the volume of the chamber, 
while the ionization caused by a nuclear disin- 
tegration is concentrated along the tracks of a 
few heavily ionizing particles. To the different 
distribution in space of the ionization there cor- 
responds a different time dependence of the 
observed voltage pulse, V(t). 

It is not possible to determine theoretically 
the exact pulse shape corresponding to a given 
distribution of ionization because the dependence 
of the drift velocity of electrons, w~, on the field 
strength E in our ionization chamber is not well 
known. This is due, in part, to the fact that the 
drift velocity of electrons in argon depends 
critically on the purity of the gas. However, it 
turns out that the shape of the function, V(#), 
depends more critically on the distribution of the 
ionization than on the form of the function 
w-(Z). This is borne out by an examination of 
Fig. 17. Curves a, 6, c, in this figure were com- 

® W. B. Fretter, Phys. Rev. 73, 41 (1948). 


16H. S. Bridge, as reported by B. Rossi, Fev. Mod. 
Phys. 20, 537 (1948). 
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Fic. 17. Pulse shapes corresponding to different dis- 
tributions of the ionization in the chamber, and to different 
relations between drift velocity and electric field strength. 


puted under the assumption of a drift velocity 
independent of EZ for the following cases: (a) 
ionization confined to an infinitesimal layer 
adjacent to the chamber wall; (b) ionization 
uniformly distributed throughout the volume of 
the chamber; (c) ionization distributed uni- 
formly along a straight line perpendicular to and . 
passing through the axis of the chamber. The 
dotted curves a’, b’ in the same figure represent 
V(t) for cases (a) and (6) respectively, computed 
under the assumption of a drift velocity propor- 
tional to the square root of the electric field 
strength.!” 

One sees that the qualitative character of 
curves a, a’, and 3, b’ respectively is essentially 
the same. The shape of the curves a, a’ can be 
easily explained by considering that, under the 
assumptions made, all of the electrons at a given 
time are at the same distance from the axis of 
the chamber. They are, therefore, acted upon by 






































Fig. 18. Block diagram of the electronic equipment used 
for the analysis of pulse shapes. For significance of symbols 
see text and Fig. 4. 


17 The actual dependence of w~ on E is complicated by 
the Ramsauer effect. w-(E) = const. is experimentally found 
to be approximately correct for large values of E, such as 
exist near the wire. w-(E)=const.XE! represents the 
drift velocity calculated under the assumptions that the 
mean free path for collisions is constant for all values of 
the agitation energy and that the energy loss of electrons 
is cate caused by elastic coilisions with the 4rgon mole- 
cules. 
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Fic. 19. Unshielded ion-chamber pulses (7500 meters). 
In some of the a- and »-type pulses the negatives have been 
retouched so that the fast portion of the pulse rise can be 
reproduced satisfactorily. In all of the examples in this 
figure the pulses do not have an ideal flat top but show an 
additional rise at about ¢./2 which was later eliminated. 
(a) Pulse caused by Po-a-particle, (b) o-type pulse caused by 
an air shower, (c) a-type pulse from nuclear disintegration, 
(d) »-type pulse. This example shows a distinct break 
presumably caused by two particles one ending close to 
the wall and one close to the wire. 


the same field strength, EZ, and have the same 
drift velocity, w-(£), so that Eqs. (1) yield: 


CdV/dt=NeEw-(E)/Vo, (8) 


where JV is the total number of electrons. As the 
electrons drift toward the wire, E increases 
slowly at first, then very rapidly. The slope of 
the function V(¢) increases in proportion to E if 
w~(£) is constant and even more rapidly if w~(£) 
increases with EZ. The reader will find it easy to 
understand the physical reason for the shapes of 
the curves b, b’ and c by considering how the 
initial distribution ofthe ionization affects the 
rate at which electrons arrive near the wire. 


2. The Experimental Arrangement 


A block diagram of the electronic equipment 
used for the analysis of pulse shapes is shown in 
Fig. 18. 

The pulse of the chamber is applied to the 
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deflecting plates of the oscilloscope through a 
delay line, DL’, inserted at a point of the am- 
plifier where the level of the signal is of the order 
of one volt. The undelayed pulse is further 
amplified and fed to a pulse height discriminator. 
The signal from the discriminator triggers the 
circuit which provides the intensifier pulse and 
the linear sweep for the oscilloscope. In this way 
it is possible to observe the beginning of the 
pulse despite the small inevitable delay in 
starting the sweep. 

The line had a delay of 8.2 microseconds and 
its rise time was 0.3 microsecond. The oscil- 
loscope screen was 5 inches in diameter and the 
sweep speeds used ranged from 2.5X10°® to 
5X10° cm sec.—!. The pulse amplifier was of the 
type described in I1.2. Its low frequency response 
was determined by “delay line clipping.” 
Clipping times, f-, between 10 and 15 micro- 
seconds were used. 


3. Experimental Tests 


The instrument described in the preceding 
section was first used to examine the shape of the 
a-particle pulses from the polonium source. 
This, as already mentioned (see II.1), was placed 
on the wall of the chamber. In argon at 5 
atmospheres pressure, the range of a polonium 
a-particle is 0.74 cm and is therefore small com- 
pared with the radius of the chamber (3.75 cm). 
Thus the a-particle pulses should be of the 
general type represented by curves a and a’ in 
Fig. 17. The experimental results were in agree- 
ment with these conclusions. All of the a-particle 
pulses were found to be very nearly of the same 
shape, showing an initial slow rise followed by a 
very fast one near the end of the pulse. An 
example of an a-particle pulse is reproduced in 
Fig. 19a. 

In a second experiment, pulses arising from 
air showers were chosen by selecting events in 
which three Geiger-Mueller counters arranged in 
a horizontal plane were discharged simulta- 
neously with the ionization chamber. The ob- 
servations were carried out at 7500 meters in a 
B-29 aircraft. Altogether 5 air shower pulses were 
recorded. They all had approximately the same 
shape as the sample shown in Fig. 19b, in which 
one clearly recognizes the general character 
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predicted by the theory for uniformly distributed 
ionization (see Fig. 17, curves }, 6’). 

The pulses recorded with no auxiliary methods 
of identification had a variety of shapes, examples 
of which are shown in Figs. 19 and 20. A large 
fraction of the pulses had shapes very similar to 
that of an a-particle pulse (see Figs. 19c and 
20b). Single heavily ionizing particles from 
nuclear disintegrations originating in the chamber 
wall and not passing close to the collecting wire 
probably account for most of these pulses, even 
though some of them may be caused by groups 
of short-range particles. Many examples were 
found of pulses showing two or more sharp 
“breaks” (see Fig. 19d). These correspond pre- 
sumably to nuclear disintegrations which give 
rise to several heavily ionizing particles which 
stop in the gas at different distances from the 
wire. In some cases the slope of the pulse was 
greatest at the beginning and decreased gradually 
with increasing time (see, for instance, Fig. 20c). 
Comparison with Fig. 17 indicates that these 
pulses are probably caused by heavily ionizing 
particles passing near the wire. A few of the pulses 
observed with an unshielded chamber, and a large 
fraction of those observed under lead, had shapes 
indistinguishable from that of an air shower pulse 
(see Fig. 20a). It is likely, however, that not all of 
these pulses were actually produced by electron 
showers because a group of many heavily ionizing 
particles passing at different distances from the 
wire could produce a pulse practically indis- 
tinguishable from that of a shower. Further in- 
formation bearing on the interpretation of pulse 
shapes will be presented in Part V. 

For the sake of convenience, we shall adopt the 
following classification for the pulse shapes: 
a-pulses: pulses with a single sharp break, re- 

sembling the pulses produced by the polonium 

a-particles. 
o-pulses : pulses with a smooth, almost linear rise, 
resembling those produced by air showers. 
v-pulses: pulses of all other shapes. 


It must be noted that the exact boundary 
between o and » pulses is, to a certain extent, a 
matter of personal judgement. 

Observations at 7500 meters with an unshielded 
chamber and with a chamber covered with 2.5 
cm of lead gave the results shown in Table III. 
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TaBLE III. Distribution of pulse shapes in an ionization 
chamber (a) unshielded, (b) under a 2.5-cm thick lead shield. 








Percent of pulses 
(b) 


Pulse shape (a) 


a 58 37 
o 16 44 
v 26 19 











While all of the a-pulses and »-pulses are prob- 
ably produced by nuclear disintegrations, the 
discussion above suggests that not all of the 
g-pulses are caused by showers. The pulse shape 
distribution in the unshielded chamber observed 
at 7500 meters altitude, therefore, cannot be 
taken as a proof that, at this altitude, the fre- 
quency of air showers relative to nuclear disin- 
tegrations is larger than 3500 meters, where it 
has been found to amount to 2 percent (see III.3). 


V. OBSERVATIONS WITH A CLOUD CHAMBER 
EXPANDED BY PULSES FROM AN 
INTERNAL ION CHAMBER 


1. The Experimental Method 


In order to gain a more precise understanding 
of the nature of the cosmic-ray phenomena 
which are responsible for bursts in ionization 
chambers, and especially of those which give rise 
to coincidences between neighboring chambers, 
observations were made by means of a cloud 
chamber triggered by the pulses of an ionization 


c 


Fic. 20. Pulses from an ion chamber shielded by one 
inch of lead (sea level). (a) o-type, (b) a-type, (c) »-type 
showing a slope which decreases with time. 
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Fic. 21. Arrangement of ioni- 
zation chamber inside the cloud 
chamber. The sensitive length of 
the ionization chamber wire is 
indicated by S. The approximate 





boundaries of the light beams 








are shown by the dashed lines; 
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chamber built inside it. The diagram in Fig. 21 
shows the essential features of the experimental 
arrangement. The ionization chamber was placed 
with its axis coincident with the axis of the cloud 
chamber. It was of the type described in Part IT, 
except for modifications that made it suitable for 
insertion in the cloud chamber. The only sig- 
nificant modification was that one of the end 
plugs was seven inches from the sensitive volume 
whereas in the chambers of the usual type both 
end plugs are adjacent to the sensitive volume. 
The ionization chamber was 3 inches in diameter, 
the effective wire length was 7 inches. The walls 
were made of gy-inch-thick brass and the 
chamber was filled with argon at 5 atmospheres 
pressure. 

The cloud chamber followed the general design 
of E. J. Williams'® in which the light scattered 
into the camera by the droplets is deflected 
through only 45 degrees. The resultant high 
brilliance of the droplets permits the photo- 
graphic observation of a large depth of the cloud 
chamber. In addition, since track curvatures 
were not being measured, the droplet brilliance 
was enhanced by allowing a relatively long time 
for drop growth before taking the picture. Thus 
it proved feasible to observe the entire sensitive 
surface of an ionization chamber that was large 
enough to give a reasonable counting rate. 

The expansion chamber was separated from 
the observation chamber in order to give free 
access to the terminals of the ionization chamber. 
It was found that, with any gas except hydrogen 
(i.e, with helium, argon, or air) the super- 
saturation threshold for formation of drops on 


18 E, J. Williams, Proc. Roy. Soc. A172, 206 (1939). 











actually, of course, the bound- 
aries are not sharp and it was 
found that heavily ionizing par- 
ticles could be observed nearly 
\ anywhere in the chamber. 





uncharged ‘“‘condensation nuclei’ was as low as 
(helium) or lower than the threshold for con- 
densation on charged nuclei. Hence hydrogen 
was used as the permanent gas. All of the 
information leads to the conclusion that the two 
large chambers and their coupling tube resulted 
in an oscillatory pressure wave of sufficient am- 
plitude to produce the observed effects. 

Stereoscopic photography was used to demon- 
strate that all of the sensitive surface of the 
ionization chamber was within the observable 
region of the cloud chamber, and for spatial 
reconstruction of the tracks in all events of 
interest. 

The electrical circuits associated with the 
ionization chamber were of the type described 
in Part II. Condenser coupling from the ioniza- 
tion chamber to the preamplifier allowed a high 
(positive) voltage to be applied to the collecting 
wire while the outer wall of the ionization 
chamber remained at ground potential. The 
observations were made with the discriminator 
adjusted to select pulses larger than about 6 Mev 
in the ionization chamber. 

The instrument described was operated both 
at 3050 meters (Doolittle Ranch, Colorado), and 
at 4300 meters (Mt. Evans, Colorado). The data 
were taken partly with a 4-inch lead shield, in 
the shape of half a cylindrical shell, placed 
directly above and in contact with the ionization 
chamber, partly with lead plates of various 
thicknesses placed above the cloud chamber, 
partly with both lead shields, partly with 
neither of them. During some of the observations 
the pulses of the ionization chamber were re- 
corded photographically as explained in Part IV. 
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This made it possible to distinguish between 
pulses produced by ionization bursts and by 
electric pick-up from other equipment or from 
lightning, and to correlate the shape of the 
pulses in the ionization chamber with the events 
shown by the corresponding cloud-chamber 
records. 

Examples of cloud pictures are shown in 
Fig. 22. Examples of correlated cloud-chamber 


"RRs 
i247] ee 
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and ionization-chamber records are shown in 
Fig. 23. 


2. Correlation of Ion-Chamber and Cloud- 
Chamber Records 


The results of the observations in which the 
cloud-chamber and the pulse-recording equip- 
ment were operated simultaneously are sum- 
marized in Table IV. In the compilation of this 


Fic. 22, Example of the cloud-chamber pictures. (a) An event in which a disintegration in the cloud-chamber wall is 
concurrent with a disintegration in the ionization-chamber wall. The latter may be initiated by a neutron from the 
former or both may be produced by neutrons from a disintegration above the"apparatus. (b) A disi:itegration with four 
heavily ionizing and one lightly ionizing particles. (c) An electron shower from lead above the chamber apparently 

roduces at least two heavy particles in a disintegration in the ionization-chamber wall. (d) A disintegration with at 


east seven particles appearing in the cloud chamber. 
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table, no distinction was made between data 
obtained with or without lead shielding. One will 
notice that in about 50 percent of the cases the 
cloud chamber does not show any track clearly 
associated with the event responsible for the 
burst in the ionization chamber. Since, as already 
pointed out, the illuminated volume of the cloud 
chamber completely surrounded the sensitive 
volume of the ionization chamber, these events 
presumably represent nuclear disintegrations in 
the gas or in the wall of the ionization chamber, 
in which no ionizing particles capable of pene- 
trating the chamber wall are produced. 

Table IV shows that the pulses associated with 
the 12 pictures of electron showers were all of 
the o type. Most of these showers originated in 
the lead shield above the cloud chamber and in 
some cases the shower struck near the edge of the 
ionization chamber (see, for instance, Fig. 23e). 
It thus appears that showers produce pulses of 
the « type even when they do not fill a major 
fraction of the ionization-chamber volume with 
uniform ionization. Of the 86 pulses which are 
attributed to nuclear disintegrations either 
because of the lack of associated tracks or 
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because of the appearance of heavily ionizing 
particles in the cloud-chamber picture, 80 have 
shapes of the a- or v-type, 6 of the o-type. One 
should finally note that some of the pulses of the 
y-type appear to be caused by nuclear interac- 
tions in which heavily ionizing particles and 
electron showers are produced simultaneously. 

The conclusion of this analysis is that electron 
showers are always recognized as such by the 
pulse shape but that a fraction of the order of 
10 percent of the nuclear disintegrations give 
rise to pulses which simulate those produced by 
electron showers. 


3. Relative Frequency of Showers and Nuclear 
Disintegrations Under Different Lead 
Shields 


For this analysis, we consider all of the cloud- 
chamber pictures, whether or not simultaneous 
records of pulse shapes were obtained. The 
various types of events observed with different 
shieldings are listed in Table V. With no lead 
shielding, 55 pictures were obtained, of which 
only 3 showed electron showers and of these one 
showed an apparently time-associated heavy 
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particle from the chamber wall. Table IV indi- 
cates that 42 percent of the nuclear disin- 
tegrations recorded by the ionization chamber 
(i.e., 36 out of 86) gives visible heavy tracks in 
the cloud chamber. Thus the 3-shower records 
must be compared with about 130 nuclear disin- 
tegrations in estimating the relative numbers of 
bursts produced by the two kinds of events. 
This comparison shows that only a very small 
fraction of the bursts in the unshielded ionization 
chamber are caused by showers, in agreement 
with the results obtained from the coincidence 
experiment described in Part III. When lead was 
placed either above the cloud chamber or directly 
on the ionization chamber, the number of elec- 





Fic. 23. Correlated cloud-chamber-ion-chamber records. 
The series (a), (b), (c) are examples in which the cloud 
chamber shows one or more heavily ionizing tracks from 
the ion chamber. They have been selected to show the 
greatest variation encountered in pulse shape in cases 
where the pulse is the result of a nuclear disintegration. 
Most pulses under these conditions are similar to example 
(a). Except for a slight break hardly visible in the repro- 
duction, (b) would be classified as o-type. Example (c) is 
a v-type pulse the slope of which decreases with time. The 
cloud chamber shows 11 heavily ionizing tracks. Examples 
(d) and (e) show electron showers which originate in a 
one inch lead plate on top of the cloud chamber. It is 
somewhat unexpected that even when the axis of the 
shower is as far to the side as in (e) a o-pulse is still 
obtained. 
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TaBLE IV. Correlation of ion-chamber and cloud- 
chamber records, giving the number of cases in which a 
given type of cloud-chamber picture was associated with 
a given type of ionization-chamber record. 
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No associated tracks 35 9 
Heavy tracks from the ion 
chamber wall 29 
Electron shower 0 
Total 64 


7 
0 
6 


1 








tron showers relative to the number of nuclear 
disintegrations increased markedly, as one should 
expect. About two-thirds of the showers ob- 
served under lead came from a single point in the 
lead, thus indicating that one electron or photon 
was responsible for the event observed in each 
case. In one-third of the cases there appeared to 
be several electrons or photons from an air 
shower incident upon the instrument and under- 
going cascade multiplication in the lead shield. 


4. Results Concerning Nuclear 
Disintegrations 


We wish to discuss now in more detail the 
pictures of nuclear disintegrations. Table VI 
gives the distribution in size of nuclear disin- 
tegrations from the ionization-chamber wall 
observed at 3050 meters and 4300 meters, re- 


TABLE V. Number of cloud chamber pictures showing 
nuclear disintegratibns and electron showers under different 
experimental conditions. 








Event observed 


Shower Shower 
from 
Jead on 


Heavy 
tracks from 
from lead 
ioniza- Shower above _ioniza- 
tion from cloud tion 
chamber air chamber “chamber 


Altitude Lead shield 


3050 m 
3050 m 





1 on een 


none 21 


4 inch over 
cloud chamber 8 2 


+ inch on ion 
chamber and 3 
inch on cloud 
chamber 1 


} inch on ion 
chamber 16 


none 34 


1 inch above 
cloud chamber 54 9 15* 


3050 m 


3050 m 


4300 m 
4300 m 








* One event in each case had a slow heavy particle coming from the 
ionization chamber wall as well as the electron shower component. 
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spectively. In the compilation of this table, the 
pictures obtained under various lead shields are 
all considered together. It appears that the 
character of the nuclear disintegrations does not 
change significantly between 3050 and 4300 
meters. The results on the number-frequency 
distribution of disintegration particles obtained 
at the two altitudes have been combined and 
presented graphically in Fig. 24a. Figure 24b — 
shows the corresponding frequency distribution 
of the events for which a simultaneous pulse 
shape record was available. In Fig. 24b the 
point at abscissa zero gives the number of events 
in which the ionization chamber detected a burst 
and no heavily ionizing track was visible in the 
cloud chamber. 

We wish to underline some of the results 
obtained from the cloud-chamber observations. 

(a) Most of the nuclear disintegrations were 
initiated by non-ionizing particles. Only a few 
percent of the pictures showed any lightly 
ionizing particles which could possibly be iden- 
tified with the initiating particle, and some of 
these might actually have been produced in the 
disintegration. One thus concludes that nuclear 
absorption of negative mesons at the end of their 
range does not play an important role as a cause 
of disintegrations. The present data furnish 
further evidence that the non-ionizing particles 
which produce nuclear disintegrations are not 
photons, since, when lead was present above the 
chamber, photons would come out of the lead 
accompanied by electron showers (see also III.4, 
above). 

(6) As already pointed out, about 42 percent 
of the nuclear disintegrations observed in the 
ionization chamber give rise to particles which 
appear in the corresponding cloud chamber 
pictures. Most of the disintegrations which give 
rise to ionization bursts take place within the 
wall of the ionization chamber and therefore the 
disintegration particles do not need to traverse 
the whole wall thickness to appear in the cloud- 
chamber volume. On the other hand, these 
particles, in general, do not come out at right 
angles to the surface of the ionization chamber. 
One thus estimates that the average range of the 
disintegration particles which appear in the 
cloud chamber is larger than the wall thickness 
(#z-inch brass). A range of 3;-inch brass cor- 
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responds to an energy of 21 Mev for protons and 
to a higher energy for heavier particles. We thus 
conclude that almost one half of the disintegra- 
tions that give pulses larger than 6 Mev in the 
ionization chamber contain at least one particle 
of energy larger than 21 Mev. The average 
number of these particles with energy larger than 
21 Mev is 1.8 per disintegration observed in the 
- cloud chamber, 0.75 per disintegration observed 
in the ionization chamber. In the 17 pictures of 
nuclear disintegrations obtained with } inch of 
lead above the ionization chamber there were 35 
heavily ionizing particles observed in the cloud 
chamber, of which 4 came out of the ionization 
chamber through the lead shield. The energy of 
these particles, if protons, must have been greater 
than about 64 Mev. 

(c) Fourteen of the 88 disintegrations observed 
at 4300 meters and one of the 49 observed at 3050 
meters apparently showed time-associated heavy 
tracks passing through the gas in the cloud 
chamber. Time association was determined from 
the “width” of the tracks, which varies as #4. 
From the known time rate of change of width 
and an estimate of 4 mm for the accuracy of 
track width measurement, we obtain about 
+1/50 sec. for the uncertainty in time simul- 
taneity at a time corresponding to the chamber- 
triggering tracks. Thus, it seems unlikly that all 
of the above events can be explained as acci- 
dental coincidences of unrelated events although 
it is impossible to determine what fraction 
represents true time association from the 
present data. Figure 22a is an illustration of an 
event in which a disintegration in the ion 
chamber is apparently time-associated with a 
disintegration in the cloud-chamber wall. If one 
of the disintegrations was caused by a particle 
from the other disintegration, the connecting 
link, was a non-ionizing particle. It may be noted 
that the existence of time-associated nuclear 
disintegrations is strongly indicated by other 
observations.’® It can be explained either by the 
simultaneous arrival on the instrument of 
several particles (neutrons?) capable of pro- 
ducing nuclear disintegrations, or by the pro- 


19See, for example, J. Daudin, Ann. de Phys. 19, 110 
(1947); W. B. Fretter and W. E. Hazen, Phys. Rev. 70, 
230 (1946); H. Bridge and W. E. Hazen, Phys. Rev. 74, 
579 (1948). 
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TABLE VI. Distribution in size of the nuclear — 
disintegrations.* 








Number of records 


Number of particles per disintegration at3050m at4300m 





27 52 
11 21 


Total number of particles observed 8 
Average number of particles 
per disintegration observed 1.8 8 








* This table includes some additional data obtained at 3050 meters 
~~ 4 re a in the cloud chamber which are not included in 
ables A 


duction in nuclear disintegrations of secondary 
particles capable. of producing more disintegra- 
tions. The mere existence of such effects is not 
surprising. Their rate of occurrence, however, 
when accurately known, may furnish very im- 
portant clues as to the nature of the particles 
responsible for nuclear interactions and the 
order of multiplicity in their production. Experi- 
ments intended to investigate this question are 
in preparation. 


5. Comparison with the Results of the 
Coincidence Experiment 


As already noted, the cloud-chamber observa- 
tions fully confirm the conclusion reached from 
the coincidence experiment, that, at mountain 











Na of Perticles Observed 
a 


Fic. 24. (a) Number-frequency distribution for all cloud- - 
chamber pictures in which heavily ionizing particles were 
observed. (b) Number-frequency distribution for cloud- 
chamber pictures correlated with pulse shape records. The 
point at zero abscissa indicates the number of events in 
which the ionization chamber gave a record characteristic 
of a nuclear disintegration and no heavily ionizing track 
was observed in the cloud chamber. 
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altitudes, all but a few percent of the ionization 
pulses in an unshielded chamber of our type are 
caused by nuclear disintegrations. These experi- 
ments also confirm the view that most of the 
coincidences between two neighboring chambers 
have the same origin, since they show that 
protons sufficiently energetic to traverse the 
chamber walls, yet sufficiently slow to ionize 
heavily, are produced very often in the nuclear 
disintegrations. 
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On a recent voyage from Rio de Janeiro to Boston the vertical intensity of the total and hard 
components of the cosmic radiation were measured with a Geiger counter telescope apparatus. 
For the hard component the percentage alteration from high latitudes to the magnetic equator 
was 5.32+0.46 percent. For the soft component it was 4.46-+0.61 percent, and for the total 


radiation it was 5.04+0.55 percent. 


I. INTRODUCTION 


REVIOUS measurements of the sea level 

latitude distribution of cosmic radiation 
have been made chiefly with ionization chambers, 
although some measurements have been made 
with coincidence counter systems. The use of 
counter systems allows the determination of the 
effect for the soft component of the radiation 
either by noting the relationship between the 
soft component and showers produced in small 
thickness of lead, or by taking the differences 
between the intensities of the total and hard 
components. The extensive measurements by 


Compton and Turner’ and by Gill,? for example, 


* Assisted by the Office of Naval Research with the co- 
operation of the National Geographic Society. 


t A skeleton of the results of this investigation has been 
published in Phys. Rev. 72, 1263 (1947). 

1A. H. Compton and R. N. Turner, Phys. Rev. 51, 
1005 (1937); 52, 799 (1937). 


were obtained by using the ionization chamber 
method. Coincidence counter measurements have 
been made by Auger and Leprince-Ringuet,’ 
Clay, Bruins and Wiersma,‘ Johnson and Read,§ 
Wilson and Turner,* and Neher and Pickering.’ 
According to Johnson,’ the agreement between 
the two methods has been good, taking into 
account the fact that one might expect a some- 
what greater latitude effect for the vertical in- 
tensities (measured by coincident counter sys- 
tems) than for the integrated directional meas- 

2 P, S. Gill, Phys. Rev. 55, 1151 (1939). 

3P. Auger and L. Leprince-Ringuet, Comptes Rendus 
197, 1242 (1933); P. Auger, Nature 133, 138 (1934). 


4J. Clay, E. M. Bruins, and J. T. Wiersma, Physica 3, 
746 ( 1936). 
5 T.H. Johnson and D.N. Read, Phys. Rev. 51, 557 (1937). 
51) C. Wilson and R. N. Turner, Phys. Rev. 59, 931 
1941). 
a 7 3) V. Neher and W. H. Pickering, Phys. Rev. 53, 111 
938). 
8 T. H. Johnson, Rev. Mod. Phys. 10, 193 (1938). 
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urements made with ionization chambers, be- 
cause of the observed increase in latitude effect 
with altitude. 

While agreement of previous measurements of 
the latitude effect for the total radiation seems 
good, some ambiguity, at least, is present in the 
experimental values for the latitude effect of 
the soft component. This ambiguity, as pointed 
out by Arley,® is exemplified by the conclusions 
of Heisenberg and Heitler in interpreting the 
coincident counter data of Auger and Leprince- 
Ringuet. Heisenberg’? finds a ten percent lati- 
tude effect for the soft component, whereas 
Heitler" finds none. 

In the light of the foregoing observations, we 
should like to present the measurements made 
by us with a system of coincident Geiger-Mueller 
counters on a ship voyage between Rio de Janeiro 
(geomagnetic latitude 12.5 degrees S) and Boston 
(geomagnetic latitude 53 degrees N) in the sum- 
mer of 1947. The observations were made as 
part of the work of the National Geographic 
Society’s expedition to South America to view 
the solar eclipse of May, 1947. 


II. THE APPARATUS 


The apparatus consisted of a system of Geiger- 
Mueller counter telescopes arranged in such a 
way that three types of events were registered— 
the passage of an ionizing particle through (1) a 
triple coincident system in which there was no 
absorber, (2) 8 cm of lead, and (3) 16 cm of lead. 
The geometry is shown schematically in Fig. 1. 
It will be observed that only five trays of counters 
were used to obtain three triple systems. This 
entire system of five trays was duplicated in the 
actual apparatus. In addition to the absorbing 
lead, a protective shield of one inch of lead was 
placed around tray number three, which tray was 
common to the three coincident systems. The 
purpose of this shield was to reduce the number 
of accidental counts which might arise from ex- 
tensive lateral showers. 

The Geiger-Mueller counters used were con- 
structed of 0.007-inch-wall Nonex glass and 


m, N. Arley, Kgl. Danske Vid. Sels. Math.-Fys., Medd. 
, No. 7. 

W. Heisenberg, Vortrdge tiber Kosmische Strahlung 
(Springer-Verlag, Berlin, 1943; Dover Publications, New 
York, 1946). 

41 W. Heitler, Nature 140, 235 (1937). 
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Fig. 1. 


0.005-inch-wall seamless copper tubing. The 
copper cylinder was one cm in diameter and 10.2 
cm in length. The axial wire was 0.003-inch 
tungsten. The counters were a non-self-quenching 
type filled with a mixture of argon and oxygen 
to a pressure of 12 cm of Hg. This mixture gave 
a very good plateau (the order of 200 volts or 
more and a slope of less than four percent per 
100 volts) and a long life. 

The high resistance (500 megohms) necessary 
for successful operation of this type of counter 
necessitated precautionary measures with regard 
to possible spurious high resistance leakage to 
ground in the anode circuit. For this reason the 
anode lead was led through a mounting tube 
which was imbedded in a cylinder of sulfur. This 
served the purpose of giving a rigid support 
with very good insulating properties which in- 
troduced little capacity to the circuit. 

There were nine counters in each tray. They 
were placed side by side in the same plane so 
that there was considerable area between copper 
cylinders through which a particle could pass 
without being detected. For this purely geo- 
metrical reason each tray was therefore only 
about 77 percent efficient in detecting particles 
which passed through the telescope of which it 
was a member. From considerations of the count- 
ing rate and dead time alone of the counters, 
each tray would be 99.7 percent efficient. The 
efficiency of the triple systems was therefore 
about 45 percent. Since, in this investigation, we 
were interested only in ratios of counting rates 




















which were nearly the same, the low efficiency 
served only to lessen the total number of counts 
received by the apparatus and did not alter the 
relative counting rates at the extremeties of the 
latitude curves. 

The effective resolving time of the coincident 
circuits was about 5X10~ second. With this 
value, the accidental rate of the triple systems 
was about 5X10-5 cts/sec., or less than 0.1 
percent of the true coincident rate. 

The counters were operated so as to deliver 
a negative pulse of thirty volts or more to the 
grid of the associated 6AK5 amplifier tube. The 
arrival of a large negative pulse on the grid of 
this tube, which was normally conducting, re- 
duced its plate current to essentially zero. The 
conventional Rossi circuit was used to establish 
the coincidences between trays. With the pa- 
rameters indicated in the circuit diagram, Fig. 2, 
a triple coincidence caused a positive pulse of 
20 volts or more to appear on the grid of the 


c, 


fe 





Fic. 2. Circuit diagram. 


This diagram represents one-half of the entire circuit. 
The other half was identical. Values of the parameters were 
as follows: R:=5.108, Re=10%, R;=10?, Ry=Rs=5.104, 
Re= 5.103, R7=2.10?; C,=5.10-2, CQ= C;= Cs=1078, 
C,=10-%, C=C, =5.10-7, Cg=2.10-*; LZ; =30 mh; 2D21 
plate voltage = +180 v, 2D21 grid bias= —9 v, 6AKS5 plate 
and screen voltages=45 v, counter voltage = — 1000 v. 
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2D21 thyratron, causing it to strike and there- 
fore operate the counting register (Cyclotron 
Specialties Company). A double coincidence 
caused a pulse of only two volts or so and there- 
fore could not overcome the nine-volt negative 
bias on the thyratron grid. Except for the fila- 
ment and bias voltages, the other potentials in 
this circuit may be varied considerably with 
inappreciable effect on the over-all performance 
of the telescope. During operation all potentials 
were maintained within safe limits. 


III. RESULTS 


In the discussion of the latitude effect, we shall 
define the latitude effect, ZL, in terms of the in- 
tensity, J, of the rays as measured at the mag- 
netic equator and in the northern latitudes; i.e., 
L=(Is0—Jo)/Iso. Superscripts # and s shall refer 
to the hard and soft components, respectively, 
and no superscript indicates measurements of 
the total radiation. Subscripts 50 and 0 shall 
refer to measurements in the northern latitudes 
and at the magnetic equator, respectively. In 
addition, we shall consider that radiation which 
penetrates 8 or 16 cm of lead as the hard com- 
ponent and that radiation which is absorbed in 
8 or 16 cm of lead as the soft component. It is 
clear that the values for the intensity of the soft 
component are arrived at from the difference in 
the values for the total and hard radiations. 
This method for measuring the soft component 
has two major drawbacks—the dissimilarity in 
the geometry or other characteristics of the 
separate coincident systems, and the increase in 
the value of the probable error as determined 
from the difference of the two measured 
quantities. 

The observations are shown plotted in Fig. 3. 
In this plot the observations for the two coinci- 
dent systems with the same distribution of lead 
are combined. In view of the large values of the 
statistical errors in the individual plotted points, 
we have combined points between 15 degrees 
South and 15 degrees North to obtain Jo and 
points above 28 degrees North to obtain J. In 
this way we obtain the following values :fTf 

tt We have also combined the data for 8 and 16 cm of 
lead since the two thicknesses yield practically identical 
results. The probable errors for the differences have been 


evaluated according to standard principles. See, for. ex- 
ample, H. Margenau and G. M. Murphy, The Mathe- 
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No lead With lead Difference 


Ip=3.95440.014 Io'=2.670+%0.008 Io*=1.284+0.016 
Is =4.164+0.018 Jso*=2.820+0.010 Jso*=1.344-+0.021 


Expressing L in percentages, we obtain L=5.04 
+0.55, L*=5.32+40.46, L*=4.46+0.61. 

In the computation of the above values, the 
only errors considered have been those associ- 
ated with the statistical nature of the observa- 
tions. In addition to these, there were un- 
doubtedly fluctuations in the counting rates due 
to magnetic disturbances and temperature and 
barometric variations. We were unable to obtain 
sufficient data to apply corrections for these 
effects. However, in view of the large statistical 
fluctuations, it is questionable if such corrections 
would have altered the results significantly. 

It is interesting to note that the latitude ef- 
fects for the total radiation and the hard com- 
ponent are smaller than have been reported 
previously. Conceivably, this could be accounted 
for because of different atmospheric conditions 
existing between Rio de Janeiro and Boston. Of 
greater interest, however, is the fact that our 
data strongly indicate the existence of a sea 
level latitude effect for the soft component whose 
magnitude is of the same order of magnitude as 
that for the hard and total radiation, although 
somewhat smaller in magnitude. 

If the soft component is defined as that radia- 
tion which is absorbed in 8 cm of lead, the radia- 
tion is largely restricted, except for Auger 
showers, to that which is formed below one 


matics of Physics and Chemistry (D. Van Nostrand Com- 
pany, Inc., New York, 1943), p. 498. 
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Fic. 3. Vertical coincidence rates at sea level 
from Rio to Boston. 


kilometer from the earth’s surface, by mesotron 
decay and knock-on processes from the meso- 
tron component existing near sea level, rather 
than pair formation having to do with primary 
electrons or with electrons produced near the 
top of the atmosphere. It is not surprising to us, 
therefore, to find the latitude effects of the hard 
and soft components of comparable magnitude. 
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The track length distribution f(E)dE in a shower is defined as the total distance traveled 
by all electrons while in the energy interval dE. It is representative for the average energy 
distribution in a shower. The present paper obtains by numerical methods the complete func- 
tions for both electrons as well as for photons in showers of high primary energy. Calculations 
have been made for air and for lead, down to energies of about 4 Mev. Close approximations 
to the actual cross sections have been used for all energies and all physically significant processes 
have been included—radiation, pair production, energy loss through collision, Compton effect, 
and knock-on electrons. As a special result of importance we mention the high number of low- 
energy photons that accompany a shower, a quantity that has here been evaluated for the 


first time. 





1. INTRODUCTION 


HE well-known cascade theory of cosmic- 
ray showers! has been successf carried 
through to the evaluation of total numbers of 
electrons and photons and their energy distribu- 
tion for not too low energies. For energies around 
and below the so-called ionization limit (cf. be- 
low) an analytical evaluation of the energy dis- 
tribution is made difficult by the complicated 
formulae for the probabilities of elementary proc- 
esses and the incoming of additional effects, such 
as the Compton effect and knock-on electrons, 
which are usually neglected. 

The first attempt to determine the number of 
low energy electrons in a shower is due to Arley.” 
He neglects entirely ionization losses above the 
critical energy and radiative effects below it, and 
he takes into account only those electrons in the 
low energy range that originate from high energy 
electrons which are thrown into the low range by 
emission of quanta. Thus, the electrons produced 
with small energy by quanta are omitted. The 
result is a serious underestimate of the number 
of slow electrons. The ratio of slow-to-fast elec- 
trons near the shower maximum is, according to 
Arley, about 1, while the actual ratio as com- 
puted in this paper is of order 3 to 4. 

A more systematic treatment of the electron 

* This paper is based on a Ph.D. thesis submitted in 1942 
to Duke University by Mr. Richards. Occupation with 
war work prevented an earlier publication of this work. 

** Now at Olivet College, Olivet, Michigan. 

1 For all older work on shower theory, reference is made 
to the excellent summary by B. Rossi and Kenneth 


Greisen, Rev. Mod. Phys. 13, 240 (1941). 
2N. Arley, Proc. Roy. Soc. A168, 519 (1938). 


distribution at low energies has been given by 
Tamm and Belenky*® who use simplified cross 
sections even in the low energy range, and a 
somewhat questionable mathematical approxi- 
mation and by Rossi and Klapman‘ who, by a 
numerical method, obtain the total track length 
in air above energies of 10 Mev as function of the 
energy of a generating electron or photon. 

In the present paper a numerical method is 
developed to obtain the track-length distribution 
down to low energies (~4 Mev) in showers start- 
ing with high initial energies. 

In the low-energy end the nature of the ma- 
terial is of importance and numerical results have 
been obtained for air and lead. No terms of sig- 
nificance have been neglected, and our results 
should be accurate to about +10 percent. Our 
results include also the distribution of photons of 
low energy which has not been evaluated before. 


2. THE EQUATIONS FOR THE TRACK LENGTH 


The track-length distribution of a shower 
f(E)dE is defined as the total distance traveled 
by all shower electrons while their energy lies 
between E and E+dE. Similarly we can define 
a photon track-length distribution g(K)dK where 
we denote the photon energy by K for easy dis- 
tinction. This ‘normal’ distribution is much 
easier to calculate than the energy distribution 
as function of distance, and it has almost the 
same physical significance as the latter, since it 


I. Tamm and S. Belenky, J. Phys. U.S.S.R. 1, 177 


(1939); Phys. Rev. 70, 660 (1946). 
* B. Rossi and S. J. Klapman, Phys. Rev. 61, 414 (1942). 
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will be the same as the distribution at the shower 
maximum, and it will predominate over most of 
the longitudinal extension of the shower with the 
exception of its very early and late stages. 

The following general results are known about 
the track-length distribution. Since all the energy 
in a shower is dissipated finally by ionization 
through electrons, the intageel track-length over 
all energies is 


f s@ae=2,/2. (1) 


where E, is the primary energy and £#; the energy 
loss through ionization which can be considered 
as constant over the interesting energy range of 
2 Mev to 300 Mev. 

The track-length distribution has been evalu- 
ated by Nordheim and Hebb! in the high-energy 
limit where ionization losses can be neglected 
relative to radiation losses, and by Rossi and 
Greisen! in the next approximation, where ioniza- 
tion losses can be considered as small. Their 
result can be expressed as follows 

—2 
, = 
BiLB; (E/B:) i ™ 
g(K) =0.437 


Saletan ))- 


0.392 
f(E) =0 437—[—+0. ana oe 





' These expressions give a good approximation 


down to about £ and K ~38;. For lower energies, 
as already mentioned, the usual mathematical 
treatments break down, and also the cross sec- 
tions for occurring processes lose their universal 
character. 

It is to be noted that for high energies B:<E 
<E,, the distributions are proportional to 1/E?. 
We will normalize the distribution so that 


f(E)-1/E 


The absolute number of particles produced by a 
primary of energy E, is then 0.437(E,/8,)f(£) 
and correspondingly for g(K). 





1939) Nordheim and M. H. Hebb, Phys. Rev. 56, 494 
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In the following, we will introduce the natural 
units of shower theory, the critical energy, where 
radiation and collision losses are equal, and the 
unit length on which the energy loss through 
ionization is just this critical energy. In these 
units 6;=1. 

We consider the following processes: for pho- 
tons, pair production and Compton effect, for 
electrons, radiation, ionization losses and knock- 
on electrons. The cross sections, as used in this 
paper, are summarized in the appendix. All these 
processes are of the type that a primary of 
energy E’ or K’ produces a secondary of energy 
E or K respectively. 


We denote the cross sections for such a process 


by a function of two arguments. o(E’, K), for 
instance, is the probability that an electron E’ 
produces a quantum K and so on. Of course, 
o(E’, K\gs the same as o(E’, E’—K), since the 
electron remains at an energy E’—K after emis- 
sion of the photon K. If necessary we add an 
index to the cross sections, for instance: 


or radiation by an electron, 
op pair production, 

o. Compton effect, 

oe, knock-on electron. 


The equations that describe the balance of all 
effects are then as follows 


- ” g(K’o(K', E)GK? 
oo E’)o(E’, E dE! 
J f(E)o(E’, E) 
as f f(E)o(E, E')dE’ 
0 
: E 0 4 
+ Pl ))=0, (4) 
f ” {(B)o(E!, Ka! 
es f g(K’)o(K’, K)dK’ 
K 
-{ g(K)o(K, E’)dE’ 
C) 


K 
a f g(K)o(K, K’)dK' =0 
0 






eepmetrr secant 
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The first terms describe the production of a 
“particle” of one kind (electron or photon) by a 
particle of the other kind. The next terms give 
the number of particles added or removed from 
an energy interval by processes involving energy 
changes. The last term in (4) takes account of 
the continuous energy loss by ionization for 
electrons. 

The principal difficulty in the treatment of 
these equations comes from the second and third 
terms of Eq. (4). 


D(E)= f f(E)o,(E!, E)dE! - 


— f f(E)o(E, E’)dE’, (6) 


since it is well known that the radiation prob- 
abilities diverge for small K, i.e., E’—E, as 1/K 
(infra-red catastrophe). The expression (6) has, 
therefore to be understood as the finite limit 


: S(E)o(E’, E)dE’ 
E+e€ 


D(E) = tim 


-f ~ f(E)o(E, EE’. (6a) 


If the energy loss due to radiation could be 
considered as of continuous nature, D should be 
representable by an expression similar to the last 
term of Eq. (4), i.e., 


d ; 
D(£) = —[B-(E)f(E) J, 7 
(E) rice f(D] (7) 


where 8,(£) is the average energy loss to radia- 
tion as function of energy. 

We shall now prove that Eq. (7) is in fact a 
sufficient approximation for our purpose. 

The cross section for radiation at high energies 
is of the form 


(E, E\dE! = (= (8) 
— ” E-E! =) 


where S is a homogeneous function of the frac- 
tional energy reduction E/E’. The total average 
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energy loss is then 


E E E 
B= f (E—E’)o(E, E')dE' = f S = 
0 


0 


. - sivds 

-z{ Stx)dx=E f s(- —_ 

0 1 xf x? 
Introducing the new variable E” =(E*/E’) into 
the second integral in Eq. (6) and renam- 


ing it afterwards again E’, we obtain the trans- 
formation 


D(E) = f ° [1 -—=s |(— = 


We know now from Eq. (2) that f(£) behaves 
at high energies similar to 1/E*. Also, the dis- 
continuity of the energy loss is most important 
for high energies. We can put, therefore, 


¢(E) 
EE) =—;; 
f(B)=— 


(9) 


dg 
g(E’) = o(E) + (E’-E)—_, 

dE 
where ¢ is a slowly varying function of £ for the 
representation of which the first term in its 
Taylor development is sufficient. We obtain then 


nn ( 3) FANE 
es 
-—(* f S(s)dx) -~(.f(8). 


We have proved thus the substitution Eq. (7) 
for the limit of high energies, where the ioniza- 
tion losses that produce the deviation of g(£) 
from.a constant are not too important. In the 
opposite limit of low energies radiation losses 
become, in any case, of lesser importance, and 
we are thus justified to combine D and the last 
term in Eq. (4) to the simple expression 


d d 
“18.48, =—[g(E)f(E)]. (10 
Ee? +8) f(E)] Po )f(E) J. (10) 


This substitution has been checked for the dis- 
tribution as found later in this paper, which 
permits a numerical evaluation of Eq. (6). The 
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error made by Eq. (10) turned out to be of order 
8 percent for E=1. 

It is of advantage for the further treatment to 
introduce the total number of new electrons pro- 
duced by photons and by knock-on collisions as 
a separate function through the definition*** 


ne) = f g(K)o(K, E)dK 
E 


+f f(E)o.(E’, E)dE’. (11) 
Equation (4) then takes the form 
d 
h(E ae r i E =U. 
( +8 +8:)f(E)]=0 


Integration of this relation between two energy 
values gives 


B(Eo) f(Eo) " 1 
B(E) ~— B(E) 


We can bring Eq. (5) for the photons into a 
similar form 


f(£) = 





f R(E)dE!. (12) 


g(K) = 





| f ’ f(E)o(E, K)dE 


K 


o(K) 
+f e(K)o(k’, EaK’}, (13) 
K 
where 
o(K) -f o(K, E’)dK’, (14) 


is the total absorption coefficient for photons of 
energy K. 

The functions f(£), g(K), and thus also h(E) 
are known for sufficiently high energies, let us 
say above Ep, from Eqs. (2) and (3). The integral 
equations (11), (12), (13) permit us now to com- 
pute these functions for lower energies with the 
help of an iteration process. 

For energies E that are not too much lower 





*** The second term in the expression for h(E) represents 
new electrons produced in knock-on collisions. The mini- 
mum primary energy E’ to produce a secondary of energy 
E is 2E. The change of energy of the primary can be con- 
sidered as already contained in the term for energy loss 
through ionization, 
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than Eo a zero approximation for f(E) will be 





given by wo 
B(Eo) f(Eo 
fo(E) ——_ (15) 
B(E) 
We find then a go through 
o(K) = | i (E’)o(E’, K)dE’ 
g WK) |e, S(E’)o( ) 
+f pie no(e’, Kaz’, (16) 


E 


and an ho through 


«o 


h(E)=] g(K)o(K, E)dK 


+f " ge(K)o(K, E\dK. (17) 
E 


These functions are then introduced into the 
right side of the full Eqs. (11) to (13) and new 
functions fo(Z)+/1(£), and so on, are calculated. 
If necessary the cycle is repeated. It has been 
found that this process converges rapidly. The 
iteration was stopped when it could be estimated 
that the next step would give a contribution of 
less than 5 percent. It was in no case necessary 
to go beyond an f>. 

The method is practicable since most integra- 
tions can be arranged with a variable lower limit, 
so that the process of integration from an Ep to 
an E yields at the same time all intermediate 
values of the function in question. 

The convergence of the method becomes less 
good for too low values of the final energy, since 
fo is in that case not a good approximation. The 
obvious remedy is, of course, to carry out the 
integration in steps, i.e., firstly to an energy Fi, 
and after evaluation of all functions to this value, 
to resume the process with Z; in place of Eo. 

Actual calculations have been carried out for 
air and lead. They will be described in the 
following section. 


3. CALCULATIONS 
a. Air 


The analytical expressions for f and g (Eqs. 
(2), (3)) can be used for energies as low as 3 in 
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TABLE I. Track-length distribution in air.* 








Primary Energy Ep>>3 Ep=1 





EorK frp(E) f(E) F(E) g(K) G(K) f(E) F(Z) g(K) G(K) 
0 2.3 2 
0.05 5.9 5.5 1.9 45 6.6 1.7 063 16 1.6 
0.10 3.8 3.7 16 23 5.0 13 056 7.8 1.0 
0.15 2.8 2.8 iS 45 4.1 10 050 49 0.73 
0.20 2.2 2.25 14 . il 3.5 0.89 045 3.4 0.53 
0.30 1.5 1.61 1.2 6.0 2.7 0.74 0.37 1.7 0.31 
0.40 1.1 1.27 104 39 2.2 0.64 0.31 0.91 0.19 
0.50 0.89 0.97 092 2.8 1.8 0.57 0.25 0.58 0.12 
0.75 0.53 062 90.73 14 1.3 0.48 0.12 0.20 0.02 
1.0 0.36 042 0.61 0.79 1.05 0.42 0 
1.5 0.21 0.23 046 0.41 0.77 
2.0 0.14 0.145 0.37 0.25 0.60 
2.55 0.10 0.100 0.31 0.16 0.51 
3.0 0.073 0.073 0.27 0.12 0.44 








* E or K =energy in units 86 Mev. In order to obtain absolute values 
multiply the Ep>>3 columns by 0.437Ep, the Ep =1 column by 1.2. 

f(E) =track-length distribution for electrons, f7p(Z) =track-length 
distribution as calculated by Tamm and Belenky. 


F(E) = fi f(E ME’. 

g(K) =track-length distribution for photons. 
G(K) =f e(K’)dR’. 

For E and K >3, use Eqs. (2) and (3). 


units of the shower theory. The asymptotic cross 
sections (A4), (A6) for complete screening are 
valid down to about E=1. A first-iteration cycle 
was carried through between these energies. For 
the evaluation of the terms containing radiation 
and pair production it is only necessary to com- 
pute terms of the form 


f ” f(ENAE!/EM, 
Ez 


with ~=0 to 3 as functions of the lower limit, 
where the functions f are known from previous 
steps, and where high energy tails can be evalu- 
ated analytically. After carrying through the 
iteration for two cycles, the knock-on and Comp- 
ton contributions were added. The former ones 
are completely negligible, while the number of 
Compton electrons remains small. Therefore, it 
was sufficient to use the integrated probability 
(A9) and to assume that the produced electrons 
have the average energy (A10). 

After the functions f(Z) and ‘g(K) were deter- 
mined down to E=1, the iteration process was 
resumed with this new upper limit, under use of 
the cross sections (A5) and (A7). The Compton 
effect is of considerable importance in this in- 
terval and has to be recycled, and also ‘‘post- 
Compton” photons have to be included at lower 
energies. The expression for the number h of 
electrons produced by a photon distribution g(K) 
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through the Compton effect (compare (A8)) 


” K K-E)? 
h(E) =B es a lax, 
/ g+(mé)2) K(K —E) K? 


contains the lower limit also in the integrand. 
Thus, strictly speaking, a complete new integra- 
tion would be necessary for every value of E. 
It was found, however, that a computation based 
on the assumption that all electrons produced by 
quanta of energy K have the same average 
energy, Eq. (A10) gave values of h that were in 
a fairly constant ratio to the true values. This 
was verified by carrying out the full process for 
the values E=0.3 and 0.05, where the ratios of 
the complete integrals to the approximate ones 
were 1.2 and 1.25. For other values of £, there- 
fore, the approximate values were calculated and 
corrected by multiplication with 1.23. 

The results of the calculations are shown in 
Tables I and II which give f(£), h(E), and g(K), 
and the total number of electrons above energy 
E, i.e., the integral 


F(E)= f fB)aB’; 
E 
also the total number of photons 
G(K) = f g(K’)dK". 
K 


The function f(Z) can be approximated for low 
energies by 


f(E) =2.64 log(1/E) —2.4, (18) 
showing, as is to be expected, a logarithmic in- 


TABLE II. Electrons produced with low energy by 
pair production and Compton effect (air).* 











£ Apair hCompton htotal 
0.05 13.9 26.5 40.4 
0.10 9.4 8.3 17.7 
0.15 6.7 4.1 10.8 
0.20 4.9 2.3 7.2 
0.30 3.1 1.00 4.1 
0.40 2.2 0.58 2.8 
0.50 1.65 0.35 2.00 
0.75 1.00 0.11 1.11 
1.00 0.70 0.06 0.76 








*h(E)dE =number of electrons produced in energy interval dE. 
Same units and normalization as in Table I. 
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crease for very low energy values.ft The relation 
(18) permits an approximate evaluation of the 
integrated number of electrons to E=0. We find 
the contribution 


f " f(E)dE=0.405. 
0 


The total track length of all electrons in air as 
evaluated by us is thus 2.26. The normalized 
value for a primary E, is thus 0.437 X2.26E, 
=0.989E,. The factor is so near to the required 
value unity (comp. Eq. (1)) that we can be sure 
that no physically important effect has been 
omitted, and it furnishes thus a good check on 
our calculations. 

Since for air a new cycle was started at E=1, 
it was comparatively easy to evaluate the track- 
length distribution produced by single primary 
electrons with this energy. The results are also 
given in Table I. In order to normalize these 
functions, we observe that the track length for 
a single electron near its initial energy should be 
1/(dE/dt) =1/6 or 0.5 in our case. The figures of 
the table should, therefore, be multiplied by 
0.5/0.42=1.2 in order to correspond to one 
primary electron. 


b. Lead 


For lead the critical energy is only 6.7 Mev. 
The asymptotic formulae (4), (5), are applicable 
to energies for which the asymptotic forms of the 
cross sections are valid, i.e., to about E=10 or 
~67 Mev. The iteration process was therefore 
started from‘this energy on. It was possible to 
carry it down to E=0.5 or 3.4 Mev, which is 
nearly the same in absolute value as our lower 
limit for air (E=0.05 or 4.3 Mev). No new com- 
plications arise. It may be stated only that 
knock-on electrons and post-Compton photons 
were entirely negligible since the energy as meas- 
ured in radiation units remains high for the whole 
range. The results are collected in Table III. 


4. DISCUSSION 


In comparing air and lead we see that the 
electron distributions are essentially the same if 
j The photon distribution behaves like (1/K), due to 
this factor in the radiation cross section, and since the prob- 


ability to produce a photon with K<E is approximately 
independent of E. 


TaBLeE III. Track-length distribution of electrons 
and photons in lead.* 








Ep>>10 


rK  f(£) F(Z) 

0.90 1.02 

0.43 0.71 

0.26 0.54 

0.17 0.43 

0.089 0.30 

0.054 0.23 

0.036 0.18 

0.025 0.152 

0.018 0.130 

0.014 0.114 

0.011 0.102 . 
0.0086 0.092 0.12 
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* Unit of E or K =6.7 Mev. Normalization and meaning of symbols 
same as in Table I. 
expressed in their respective radiation units. The 
photon distributions are, however, quite differ- 
ent, the number of photons at half the critical 
energy in lead being 2.3 times the corresponding 
number for air. The reason for this difference lies 
in the smaller absorption coefficient for photons 
in lead for the same reduced units which increases 
their free path and therefore their track length. 
This effect does not react strongly on the electron 
distribution since finally all photons are recon- 
verted into electrons. 

One of the results of our calculation is the 
ratio of the number of quanta to the number of 
electrons in a shower as a function of energy and 
also, of course, the evaluation of the total number 
of photons. While at high energies the ratio of 
photons to electrons is 9/7, the photons are pre- 
ponderant at low energies. If we consider all 
energies down to our lower limit of ~4 Mev, we 
find that for both air and lead there are about 3 
times as many photons as electrons. 

The calculations for both air and lead have 
about the same lower energy limit of ~4 Mev 
in absolute units. Since the total track length is 
given by Eq. (1) for all materials, it is possible 
to determine the fraction of the shower of energy 
less than 4 Mev. It is about 3 for air and } for 
lead. The fraction of the total shower above the 
critical energy is 27 percent for both air and lead. 
A further comparison can be made with the 
calculations of Rossi and Klapman.‘ They find 
for the fraction of the track length above 10 Mev 
in air a value 3.06/4.3 =0.71. This is in complete 
agreement with the value from our calculations 
(1.64/2.26). 


ti aah bern 8 rr nes ln ain apt ih = ETN gi Vn Beat ”" ome 
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It is interesting to compare our results with 
the analytical formula of Tamm and Belenky.* 
This formula, normalized as ours to 1/E? at 
high energies, can be written as follows: 


f(£)r.8. = 2.34 (1 +0e| —Ei(—-«)-1 


i+e 
+ eral (+0e(-Fi(—«) I}, (19) 


Ep 


The symbols have the following meaning: 
«=2.3E; ¢,=2.3E;, where E, is the primary 
energy of the shower-producing electron in radia- 
tion units. Ez is the exponential integral accord- 
ing to the definition in Jahnke-Emde.* The values 
of the above function for Ep= © (i.e., infinitely 
high primary energy) are also given in Table I. 
It is surprising how close the agreement between 
our values and the Tamm-Belenky function is, 
in spite of the neglections made in the derivation 
of the latter. The explanation of this behavior 
lies probably in the fact that the Tamm-Belenky 
function is so constructed that it has the correct 
asymptotic behavior as 1/E? at high energies and 
that it satisfies the energy principle (Eq. (1)). 
These requirements already determine to a con- 
siderable extent the character of the function. 
However, an attempt to calculate a photon dis- 
tribution by the Tamm-Belenky method would 
probably give rather inaccurate results. Equation 
(19) includes the dependence of the track-length 
distribution on the primary energy of the shower- 
producing electron. According to the preceding 
remarks it will be safe to use this formula if not 
too high an accuracy is réquired. 


APPENDIX 


Units and Cross Sections 


For a complete discussion of cross sections, © 


compare W. Heitler? and B. Rossi and K. 
Greisen.! 

For the unit of length we take the radiation 
length to 


<= (= 3) NZZ1g183Z-!,  (A1) 
mc? 


to 137 


SE. Jahnke and F. Emde, Tables of Functions (Dover 
Publications, New York, 1943). 

7W. Heitler, Theory ‘of Radiation (Oxford University 
Press, London, 1945), 2nd ed. 
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where N is the number of atoms per cc and 
Z=Z+1. Z is introduced in order to include 
approximately the effects of the atomic electrons. 
The value of f9 is 3.03104 cm for air and 0.519 
cm for lead. 

In order to find the unit of energy 8; we equate 
the total energy loss by radiation 


G)- 


Pie fal 


mc 


2 
x (4 Ig1832-14+--), (A2) 


to the energy loss by collision 


(=) Matasston * E,\E?? 
coll 





» (A3) 
dt mc ' = 


where J=13.5 ev according to Bloch, and Kj, 
the maximum energy of secondary electrons, is 
taken as 10 mc?. Secondary electrons of higher 
energy are introduced separately as knock-on 
electrons. The values for Eo are 86 Mev for air 
and 6.7 Mev for lead. With these units, we obtain 
the following probabilities: 


Pair Production 


At high energies (complete screening) 


dE 4K 4K? 
o(K, E)dE -— 1 —-—+ 
K 3E 


The factor 2 is introduced to include both 
electron and positron. At low energies, the 
approximation 

(for E<Eo), 


dE 
o({K, EGE =——X2opar (AS) 


is made, where opair is the total cross section for 
pair production as evaluated by Heitler.? Eo has 
been taken as 1.15 for air and 10 for lead. 


Radiation by Electrons 
At high energies the cross section is 
dK E 4K F 


o(E, K)dK =— +} (A6) 
Kl3 3E EB 








At lower energies the simple interpolation 
formula 





dKf4 4K _ K? 
o(E, KK =—|-—— + | (A7) 
Kl3 3E EE, 


gives an extremely satisfactory approximation as 
can be verified by comparison with the graphs 
given by Rossi and Greisen.! 


Compton Effect 


The probability for a Compton transition per 
unit radiation length is for K’>mc? 


K” 


o(K, KaK' = (14 »  (A8) 


with B=137emc?/4Z 1g183Z-*=0.017 for air and 
0.0265 for lead. The integrated Compton prob- 


MICROWAVE SPECTRA 


1113 
ability is 


o(K) -—(1s—+-). (A9) 


The average energy E of an electron produced in 
a Compton collision with a quantum K is 


4/ 2K 1\" 
aaxfi—“(i2Xs4)'] 
3\ me 


‘The absorption coefficient for photons is obtained 
from the combination of Compton and pair pro- 
duction cross sections. 


Knock-on Probability 


2BdE/ 2E 
oi(E, E') = ( 1-—), (A11) 
E” E 


(A10) 





where B is the same as for the Compton effect. 
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Microwave Spectra of Some Linear XYZ Molecules 


C. H. Townes,* A. N. HoLtpen, AND F. R. MERRITT 
Bell Telephone Laboratories, Murray Hill, New Jersey 


(Received June 29, 1948) 


Measurements of the pure rotational spectra of a number of isotopes and vibrational states 
of OCS, CICN, BrCN, and ICN near one centimeter wave-length have been made. Experi- 
mental techniques used and interpretation of the spectra of linear X YZ molecules are discussed. 
Tables include frequencies and intensities of lines and comparison with theoretical values, 
rotational constants Bo, rotation-vibration constants a, J-type doubling constants, internuclear 

_ distances, half-width parameters of lines, quadrupole coupling constants, and nuclear quadru- 
pole moments. Agreement between experimental results and available theory is good in all 


cases except for the values of I-type doubling constants. 


INCE much of the pure rotational spectra of 
molecules lies in the microwave region, and 
since microwave techniques have been developed 
to give both high resolution and accurate fre- 
quency measurements, microwave spectroscopy 
may be expected to make a considerable contri- 
bution to the study of molecular rotational 
spectra. 
Among the simplest of the molecules which 
can be studied with microwave techniques are 





* Now at Columbia University, New York, New York. 





those of the linear X YZ type, when their end- 
to-end dissymmetry is sufficient to give them an 
appreciable dipole moment. Their spectra are 
relatively simple and intense, so that they pro- 
vide a good test of theory and techniques, and a 
good introduction into more complex types of 
molecules. Only brief statements of some of the 
more important observations on this type of 
spectra have so far been published. Even though 
microwave study of these simple linear molecules 
may be regarded as just well begun, it seems 
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appropriate to give a more detailed account of Weisskopf** by the expression 


experiments and results. 


CARBON OXYSULFIDE 


The spectrum produced by the linear molecule 
OCS is particularly simple because its more abun- 
dant isotopic types show no nuclear quadrupole 
effects. Nuclei of the most plentiful isotopic 
species O!4CS* have been known for some time 
to have zero spins, and since the nuclei can, 
therefore, take no preferred orientation in the 
molecule, no quadrupole effects are possible. 
Electron diffraction measurements had assigned 
distances 1.16+0.02A for the O—C bond and 
1.56+0.03A for the C—S bond. Computation of 
the moment of inertia J from these internuclear 
distances shows that of the expected series of 
rotational lines of frequency 2Jh/8x°IJ the one 
for J=2, or the transition from J=1 to J=2, 
should produce an absorption near 1.25 cm-wave- 
length, or in the region called ‘‘K’’ band for 
which oscillators and other microwave compo- 
nents are available. 

Absorption due to this line was first reported 
by Walter and Hershberger,! using gas at atmos- 
pheric pressure, and the line located at 24,325.92 
Mc by Dakin, Good, and Coles,’ near the posi- 
tion predicted from electron diffraction results. 
Again because no nuclear quadrupole effects are 
present the Stark effect in this molecule is simple 
and lends itself to a very accurate determination 
of the OCS dipole moment. Dakin, Good, and 
Coles* measured the frequency separation be- 
tween the two components into which this line 
is split by an electric field applied parallel to the 
microwave radiation and thus obtained a value 
0.72 Debye unit for the OCS moment, in fair 
agreement with the value 0.65 determined by 
other methods.** . 

Intensity and shape of microwave absorption 
lines are given according to Van Vleck and 


1J. E. Walter and W. D. Hershberger, J. App. Phys- 
17, 814 (1946). 

2T. W. Dakin, W. E. Good, and D. K. Coles, Phys. 
Rev. 71, 640 (1947). 

’T. W. Dakin, W. E. Good, and D. K. Coles, Phys. 
Rev. 70, 560 (1946). 

** The result of very recent measurement of dipole 
moment by dielectric effect [J. G. Jelatis, J. App. Phys. 
19, 419 (1948) ] is 0.720+0.005 Debye unit. For veneia 


of dipole moment measurement by Stark effect, see M. W. 
P. Strandberg, T. Wentink, and R. Kyhl, Phys. Rev., to 
be published, 


] 4a Nf | 1:5 cal 1 
——- BehTr  Le— ve *4-(1/200) 








+ } 1 
(v-+v)?+ (1/227)? ) 


where: 


y is the absorption coefficient in cm~, 7/2 is the loss 
in nepers/cm. 
is the number of gas molecules per unit volume. 
is the fraction of molecules in the lower state of 
the transition 7—j. 
vo is the molecular resonant frequency. 
7 is the time between intermolecular collisions, 
wij is the quantum-mechanical matrix element for the 
absorption transition averaged over all values of 
the magnetic quantum number m. 
c,k,T are the velocity of light, Boltzmann constant, and 
absolute temperature of the gas, respectively. 


~ = 


At pressures less than 75 atmosphere the second 
term in brackets of expression (1) is quite negli- 
gible. The first term in brackets appears to agree 
well with experiment under low pressure condi- 
tions down to pressures of about 10-? mm Hg, 
where various complicating effects may be of 
importance. For the rotational transition J=Jp 
—Jo+1 of a linear molecule, | u:;]?=?(Jo+1)/ 
(2Jo+1), where.u is the molecular dipole 
moment, and 


| QSot1) expl ~ Jo Jo+1)B/#T] 
"SS (2T+1) exp[—J(J+1)B/kT] 





where B is the molecular rotational constant and 
related to the moment of inertia J by B=h?/8r°. 
The quantity f, is the fraction of molecules in 
the vibrational and electronic state under con- 
sideration—usually close to one for the lowest 
state. For a line occurring in the microwave 
region JoB&KkT and the sum may be fairly 
accurately replaced by an integral so that 
f=fe(2Jo+1)B/kT and, neglecting the second 
term of (1) at low pressures, 


2aNfvhy*v?vo 


oe 3c(RkT )?r[(v—v0)?+ (1/2er)2] 


4 J. H. Van Vleck and V. F. Weisskopf, Rev. Mod. Phys. 
17, 227 (1945). 

5 C. H. Townes, Phys. Rev. 70, 665 (1946). Note that 
definitions of y and f are slightly different in this reference 
from those used here, 





(2) 
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It should be noted that this formula gives a 
maximum absorption coefficient (when v=vy») 
which increases approximately as the cube of the 
frequency vo. This is one of the reasons why 
microwave absorption measurements in gases 
have been mostly made at as high frequencies as 
can conveniently be used. 

Even after the molecular dipole moment is 
known, the peak intensity or value of y when 
y=vy cannot be predicted because it depends on 
the value of 7, which usually must be determined 
empirically, although enough measurements have 
now been made to allow in some cases a rough 
guess at r. The half-width, or width in frequency 
of the absorption line at one-half maximum, may 
be used as a measure of 7, since it equals 1/zr. 

The intensity and half-width of the OCS 
J=1—>2 line have been measured at a gas pres- 
sure of a fraction of a millimeter of mercury. The 
half-width is (12++2)p megacycles/sec., where p 
is the pressure in mm Hg, and the peak absorp- 
tion coefficient is 5.10.7 X 10-5 cm for a plane 
wave. Substituting the measured half-width into 
expression (2) and using the value un =0.72 X 10-8 
es.u., the predicted peak absorption when 
T =300°C is 5.4+0.9X10- cm—. 

Walter and Hershberger’s measurement! of an 
absorption coefficient 8-2 10-5 cm“ for a fre- 
quency of 24,000 Mc in OCS at atmospheric pres- 
sure is higher than this because at this pressure 
adjacent rotational lines /=0-—>1, and J=2-—3 
and others contribute appreciably to the absorp- 
tion of 24,000 Mc. There is an additional small 
contribution from the second term of (1) at this 
pressure. Assuming the experimentally deter- 
mined half-width of the J=1-—2 line is correct 
for the other lines and assuming expression (1) 
holds at atmospheric pressure, the peak absorp- 
tion coefficient of the J=1->2 line at low pres- 
sure may be abstracted from Walter and Hersh- 
berger’s measurement as 5.6+2.0 10-5 cm7. 

Although most of the OCS molecules are in 
the ground vibrational state, an appreciable 
number are excited to higher vibrational states. 
Molecular vibrations interact slightly with the 
molecular rotational levels, producing small 
changes in the rotational constant B of the order 
of B?/w, where w is the vibrational frequency. For 
molecules of the type discussed here, these effects 
are generally taken into account by writing the 
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rotational frequencies as 
v=2J[B.—a1(v1 +4) —ae(v2+1) —a3(v3s+4) ], (3) 


where B, is the value of the rotational constant 
B assuming no vibration; a1, a2, and a3 are co- 
efficients representing the change in the effective 
value of B due to vibration. The quantum num- 
bers v1, v2, and v3 are integers representing the - 
degree of excitation of the three vibrational 
modes. Mode number two gives a contribution 
a, rather than a2/2 in the ground state (v;=v2 
=v3=0) because it is the degenerate bending 
mode. In addition, interaction between rotational 
and vibrational motions removes the degeneracy 
of this bending mode. This effect is manifested 
most prominently in case v.=1, when the level 
which is doubly degenerate in the absence of 
rotation is split by rotation into what is known 
as l-type doublets. The rotational frequencies 
are then® 


v= 2J[B.—a1(v1 +3) = 2ae+q/2 —a3(v3+4) ]. (4) 


The quantities a1, a2, a3 have been calculated by 
Nielsen.’ Unfortunately they are primarily de- 
pendent on the generally unknown anharmonic 
force constants of vibration. A theoretical evalua- 
tion of g is given by Nielsen and Shaffer.* This 
q must be carefully distinguished from the q 
sometimes used as a measure of the molecular 
quadrupole field. The a’s and g may be deter- 
mined experimentally if rotational lines due to 
molecules in the ground state and various excited 
states can be observed. For OCS the vibrational 
frequencies are known so that the fraction of 
molecules in excited states may be calculated. 
The lowest vibrational frequency and hence the 
one most abundantly excited is the bending 
mode. In each of the two bending modes (v2=1) 
there is one-thirteenth of the molecules at room 
temperature. Lines due to the transition J = 1—+2 
of these excited molecules have been found and 
are listed in Table I. From their frequencies a 
value minus 10.59 Mc for a2 and 6.39 Mc for q 
can be obtained. This value of g does not agree 
exactly with Nielsen and Shaffer’s theoretical 
evaluation,’ nor do the values for other linear 



































6 G. Herzberg, Infrared and Raman Spectra (D. Van Nos- 
trand Company, Inc., New York, 1945), p. 377. 

7A. H. Nielsen, J. Chem. Phys. 11, 160 (1943). 

8H. H. Nielsen and W. H. Shaffer, J. Chem. Phys. 11, 
140 (1943). 
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TABLE I. Measured OCS lines in the microwave region. 











Frequency interval in 
megacycles between 
standard and 


Frequency in Line used as 








Molecule Designation of line megacycles frequency standard measured line 
O16C12S82 J=1—2 ; 24325.92+0.02* 
J =1—2, m=1, h 24355.50 OUCUS2 J =1+2 29.58+0.08 
J=1—2, »=1, 24381.07 OMUCRS2 J =1-—>2, 25.57+0.05 
v2 = a. h 
J=3—4 48651.7** 
J=45 60814.1** 
Ol6C12G33 J=1-—2 24020.21 O'M«C2S32 J = 1—>2 305.71+-0.04 
OM«C2S% J=1—2 — 23731.33+0.03* OM«C2S32 J =1-—>2 594.63 +0.04 
J=3-—4 47462.3** 
O16C18S32 J=1—>2 24247.69 OM«C2S%2 J = 1-2 78.23+0.05 
OlCWS4 J=1—2 23646.92 OUCHS# J = 1-—>2 84.41+0.10 
O1«CUS32 J=1-—2 24173.0+1.0*** 
O'’C12S32 J=1—2 22819.30 N4H; 3,2 14.85+0.05 








* Dakin, Good, and Coles, Phys. Rev. 71, 640 (1947). 


** Hillger, Strandberg, Wentink, and Kyhl, Phys. Rev. 72, 157 (1947). 


** Arthur Roberts, Phys. Rev. 73, 1405 (1948). 


molecules measured here. This discrepancy will 
be discussed further below. 

A number of other lines have been found which 
are due to isotopic species of OCS and to other 
transitions. All OCS lines which have been meas- 
ured here or reported in the literature are listed 
in Table IJ. Lines are designated by the two values 
of J involved in the transition, the vibrational 
quantum numbers, and in the case of /-type 
doublets, by the symbols /; and /2 which indicate, 
respectively, the low frequency and high fre- 
quency components of the doublet. Although the 
lines measured by Dakin et al. and Hillger et al. 
were measured by comparison with a lower fre- 
quency standard, the measurements in this 
laboratory consisted of measurement of intervals 
between the unmeasured line and some line used 
as a standard which was accurately known. This 
technique will be described below. Since for most 
purposes frequency intervals need to be known 
much more accurately than absolute frequencies, 
Table I lists the measured intervals and their 
probable errors. The previously published? inter- 
val O'CPS*® —O'MCYS® is modified by 0.04 Mc 
in the table as a result of new measurements. 

The OC?S* and OCS lines have been 
observed in normal isotopic mixtures where their 
abundances are 4.2 percent and 0.74 percent, 
respectively. Since positions of lines due to rare 
isotopic molecules can be rather accurately calcu- 


* ®C. H. Townes, A. N. Holden, and F, R, Merritt, Phys. 
Rev. 72, 513 (1947). 


lated if the lines due to more common isotopes 
are known, and since lines due to various isotopic 
species are generally very easily resolved, suffi- 
cient improvement in sensitivity of microwave 
spectroscopy should make it a useful tool in de- 
tecting the presence of rare isotopes. An improve- 
ment of a factor of about 50 in sensitivity is 
needed to detect the OCS*§ line with the natural 
abundance. The O'%C#S® and O!8C!2S* lines were 
observed in material enriched to 20 percent and 
1.5 percent, respectively. 

Failure to observe splitting in the rotational 
lines of these molecules due to nuclear quadru- 
pole effects shows that the quadrupole couplings 
for C#, S*, and O'8 must be less than 0.5, 1.0, 
and 1.0 Mc, respectively, in these molecules as- 
suming reasonable values of spin. The signifi- 
cance of this failure to find quadrupole splitting 
will be discussed below. 

It might be expected that from the very accu- 
rate moments of inertia of various isotopic 
species of a molecule which can be obtained with 
microwave spectroscopy, very accurate inter- 
nuclear distances may be determined. In addi- 
tion, if lines due to three isotopic species are 
known, it might be supposed that the two inter- 
nuclear distances could be accurately deter- 
mined, and, in addition, one mass ratio. Unfor- 
tunately, this is not the case because moments 
of inertia are determined not only by the equi- 
librium internuclear distances, but in addition by 
the values of the three a’s, and these a’s differ 








i. nae ae. oS.!lUeelCU.lCUCU ee e020 cl tic ce 








in value from one isotopic species to another in 
a way which cannot be accurately known without 
a rather detailed knowledge of the anharmonic 
force constants involved. (This variation can be 
seen in Table 1X.) As a result, the accuracy of 
internuclear distance determination is usually 
limited to about +0.01A because of incomplete 


information about the a’s, when better knowl- 


edge of these quantities would allow an accuracy 
better by an order of magnitude. 

An illustration of these effects may be obtained 
by examining the simpler diatomic molecule. If 
the potential between the two nuclei were strictly 
parabolic, fluctuations in the internuclear dis- 
tance taking place even in the lowest vibrational 
state would result in a value of P, slightly 
greater than B,, the value for the artificial case 
when the nuclei are at rest at the equilibrium 
distance. In terms of the constant a, this pro- 
duces a negative contribution to a. However, 
generally the anharmonic force constant is large 
enough to increase the average distance between 
the nuclei when vibration is present, giving a 
positive contribution to a considerably larger 
than the harmonic contribution. Similarly in the 
case of triatomic linear molecules, the harmonic 
contributions to a; and a; are negative and to az 
positive, but in all known cases the anhafmonic 
terms are larger and of opposite sign so that a1 
and a3 are positive and az negative. In the case 
of OCS, the harmonic contribution to ae is ap- 
proximately +2.6 Mc and the net value of az is 
—10.6 Mc. 

Probably in only a few polyatomic molecules 
will it be feasible to evaluate rigorously zero- 
point vibration effects, so that some estimate of 
the errors involved in their omission is needed. 
Fairly direct evidence of the size of these effects 
is afforded by a comparison of internuclear dis- 
tances determined from various pairs of isotopic 
lines and collected in Table II. Since there is no 
reason to expect the errors to be the same when 
lines of two sulfur isotopes and lines of two 
oxygen isotopes are used to calculate the dis- 
tances, the inconsistencies may be taken as a 
measure of the total error due to all zero-point 
vibrations. If no zero-point vibrations were pres- 
ent, the various determinations should not differ 
by more,than 0.001A, but actual differences are 
as large as 0.01A. 
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TABLE II. OCS bond distances calculated from 
various isotopic pairs.* 











Pair of isotopic c-O c-S 

molecules used distance distance 
O16C12G32 — O16C 12S 4 1.1647A 1.5576A 
Ol6C12S32 — O16C18S 32 1.1629 1.5591 
O16 12534 — O16C 1S 1.1625 1.5594 
OlUC2S32 — O18C12G32 1.1552 1.5653 








* Zero-point vibrations are neglected, producing the main dis- 
crepancies between distances obtained from various isotopic pairs. 
Isotopic masses are taken from Mattauch (see reference 10). 


Dakin, Good, and Coles? have given an anal- 
ysis of the various sources of error in determina- 
tion of internuclear distances from the OCS® and 
OCS* lines, and decided that uncertainty in the 
ratio of masses of the two sulfur isotopes pro- 
duced the largest error of +0.0047A. They 
omitted mention of zero-point vibration errors 
which appear to be larger. In addition, if one 
accepts the mass values for sulfur given by 
Mattauch,!° the probable error due to their un- 
certainty is only +0.0016A. Hillger, Strandberg, 
Wentink, and Kyhl" give internuclear distances 
determined from the OCS® and OCS* lines to 
an accuracy of 0.0001A and state that uncer- 
tainties in the value of h produce the largest 
errors in their determination. In oral presentation 
of their work, however, they pointed out the 
difficulties due to zero-point vibrations. 

Another method of demonstrating the impor- 
tance of zero-point vibrations is to evaluate the 
difference between Bo, the effective rotational 
constant including the vibrations, and B,, the 
hypothetical rotational constant if the atoms 
were all at equilibrium positions. This may be 
done in the case of OCS because the frequency 
shifts are known for isotopic change of mass of 
each of the three atoms. If the carbon, oxygen, 
and sulfur mass ratios are kept constant, but 
each assumed proportional to a variable m, it 
can be shown that B, is inversely proportional to 
m and each of the a’s is proportional to m7}. 
Hence the sum of the a’s may be evaluated from 
the data of Table II by calculating the change 
in By due.to the same fractional change in mass 
of all of the atoms simultaneously, and properly 
relating the change in By which is not propor- 


10]. Mattauch, Nuclear Physics Tables (Interscience 
Publishers, Inc., New York, 1946). 

1 Hillger, Strandberg, Wentink, and Kyhl, Phys. Rev 
72, 157 (1947). 
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tional to this mass change to the sum of the a’s. Thus to a good approximation 


ay + 2a2 + a3 8 [m Md eclbee' + MMelgcAl gc’ + Mom, (Loe + bee) (Aloe! + ai + Albee’ + Al,<’’) 7] 








B 0 MoMeoce? + MsMelgc?+ Mom, (loctTsc)? 


where mo», Mc, mM, are masses of oxygen, carbon, 
and sulfur, respectively ; loc, Isc, Jos are distances 
between atoms represented by the subscripts; 
Al,’ is the difference between the distance 1]. 
determined from the isotopic carbon lines and 
that from the isotopic oxygen lines; A/,,’ is similar 
to Al,,’, but refers to the distance /,,; Alo.’’ is the 
difference between the distance /,, determined 
from the isotopic carbon line and that from the 
isotopic sulfur lines; A/,,”’ is similar to Al,.’’, but 
refers to the distance /,-. Evaluation of expres- 
sion (5) gives ai+2a2+a3=+0.00856Bo, or 
B,=(1+0.00428)Bo.*** Thus the J = 1-2 transi- 
tion is decreased approximately 104 Mc by zero- 
point vibrations. In the case of diatomic mole- 
cules, it may be shown that the isotopic fre- 
quency shift calculated by neglecting zero- 
point vibrations will be in error by a fraction 
(B.—Bo)/2Bo. Assuming the magnitude of this 
error is roughly the same in the frequency differ- 
ence between the O'8C”S® and O1!6C!2S*4 lines, 


an error in the OC distance of 0.0091A would be © 


produced. This estimate is of about the same 
magnitude as the deviations in Table II. Thus 
from evaluating By—B,, from the variations in 
Table II and from similar variations for CICN to 
be found below, it appears that +0.01A is a 
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Fic. 1. System for detection and frequency 
measurement of absorption lines. 


*** Recent measurements of a; [A. Roberts, private com- 
munication; C. H. Townes and S. Geschwind, Phys. Rev. 
74, 626 (1948) ] as 18.12 Mc, combined with this relation, 
allow evaluation of a3 as 55.1 Mc. 





reasonable estimate of the error in internuclear 
distances to be generally expected from zero- 
point vibrations. 

As was noted earlier,® although in most cases 
zero-point vibrations prevent an accurate meas- 
urement of mass ratios in this type of molecule, 
ratios of mass differences may be fairly accu- 
rately obtained if lines for more than two isotopes 
of the same element are measured. Lines for 
OMUCPS2, OMC2S33, and O'C2S* provide such a 
case. Assume that approximate internuclear dis- 
tances are known so that the isotopic shift Av be- 
tween two sulfur isotopes may be calculated ex- 
cept for an error of the order of [(B.—Bo)/2B JAv 
due to zero-point vibrations. Although the exact 
amount of this error is unknown, it will fortu- 
nately depend in a linear way on the mass differ- 
ence Am of the sulfur isotopes except for quanti- 
ties of the order [(B,—Bo)Av/2B ]Am/m and less, 
where m is the mass of sulfur. The entire isotopic 
shift is also linearly dependent on Am to a frac- 
tional accuracy of Am/m. Consequently, the 
fractional error which might be introduced in 
obtaining the ratio of mass differences (S** —S*)/ 
(S*4—S*) by completely neglecting zero-point 
vibrations is of the order 


2B 1m 15,000 


If the ratio (S??—S%)/(S34—S%) is calculated 
from the frequency intervals given in Table ], 
the result is 0.49975 +0.0001. This agrees poorlyt 
with the value 0.50038+0.0002 from Mattauch’s 
tables.!° 


EXPERIMENTAL TECHNIQUES 


Discussion of OCS has afforded an introduc- 
tion into the type of spectra produced by linear 


t Further work [C. H. Townes and S. Geschwind, Phys. 
Rev. 74, 626 (1948)] has shown that effects due to the 
S* nuclear quadrupole moment increase the frequency of 
the OCS*® line observed here by 0.54 Mc. If this is taken 
into account, one obtains (S*—S*)/(S*—S*) =0,50066 
+0.00015, still in poor agreement with Mattauch, but in 
good agreement with the value 0.50060+0.00005 from 
recent measurements of nuclear reactions by Davison 
(Paper P5, Washington meeting of Am. Phys. Soc., 1948). 
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XYZ molecules. It appears appropriate now to 
describe some of the apparatus and techniques 
used in making the measurements quoted before 
progressing to other more complicated spectra. 

Figure 1 shows a system used for detecting ab- 
sorption lines which is similar to that previously 
described,® but includes circuits for measuring 
line frequencies more accurately than can be 
done with a simple wave meter. Radiation 
from the signal oscillator (type 2K50 was used 
throughout) traverses the absorption cell and is 
detected by a rectifying ‘‘crystal.”” The resulting 
signal after amplification is put on the vertical 
plates of an oscilloscope. The oscillator is swept 
over a few megacycles and the sweep put on the 
horizontal plates of the oscilloscope so that fre- 
quency is plotted against transmission through 
the absorption cell by the oscilloscope trace, and 
absorption lines show up as vertical pips on the 
trace. Frequency is measured approximately by 
the wave meter which may be set so that its 
resonance likewise produces a pip on the oscillo- 
scope. The signal oscillator was swept about twice 
per second, and the band width of the circuit 
amplifying the detected signal was narrowed as 
much as possible (to about 20 cycles per second) 
to eliminate noise without undesirably distorting 
pips due to absorption lines. Such a system is 
simple and can detect absorption lines as weak 
as 10-*cm™, or 5X 10-7 nepers/cm in the 4-meter 
absorption cell used. To obtain this sensitivity 
a power of about 0.1 milliwatt must be trans- 
mitted through the gas. This much power pro- 
duces saturation’ at low gas pressures and 
prevents work with very narrow lines. 

Although no thorough investigation of sensi- 
tivity and sources of noise has been undertaken 
in these laboratories, some observations on the 
problem of sensitivity have been made. The sys- 
tems used here for detecting absorption lines 
characteristically show noise and interfering ef- 
fects which are approximately proportional to 
the microwave power used. One source of trouble 
is imperfect matching and consequent reflections 
back and forth in the cell. These reflections pro- 
duce a variation in detected signal with power 
which can mask the variations due to absorption 


" B. Bleaney and R. P. Penrose, Proc. Phys. Soc. 60, 83 
(1948); T. A. Pond, and W. F. Cannon, Phys. Rev. 72, 
1121 (1947). 


lines. Reflections can generally be easily reduced 
to the point where they produce variations of 
transmitted power of one percent, and with care 
they may be reduced by another factor of ten. 
Some trouble is often encountered with noise due 
to mechanical vibration, but this source can 
usually be eliminated. The random noise gener- 
ally encountered can be due either to crystal 
noise or to noise in the signal oscillator, or both. 
This random noise is often many orders of mag- 
nitude above thermal noise. Noise encountered 
in work described here usually appeared to 
originate in the detecting crystal and was ap- 
proximately proportional to the power absorbed 
by the crystal. It was found advantageous with 
the system described above to apply a biasing 
current to the crystal so that the average d.c. 
voltage across the crystal when it received micro- 
wave power was approximately zero. Application 
of this biasing current at times both increased 
the detected signal and decreased the random 
noise. Another demonstration that most of the 
noise’ originates in the crystal rather than the 
signal oscillator is given by the system previously 
described’ which amplifies only the difference 
between signals from radiation which has trav- 
ersed the absorption cell and a monitoring signal 
directly from the signal oscillator. This scheme 
should eliminate oscillator noise, but usually re- 
sults in very little noise reduction. However, 
under other conditions, and with other arrange- 
ments for detecting absorption lines, oscillator 
noise may be of more importance. An expression 
for the theoretical limit of detectable absorption 
is given elsewhere.'® 

For some experiments a modification of the 
system of Fig. 1 was used which involved cutting 
the oscillator on and off by means of a square 
wave applied to the reflector electrode. This 
square wave was of about 2500 cycles/sec., and 
it was thought perhaps by detecting only a 
narrow band about 2500 cycles, some crystal 
noise might be avoided, since crystal noise is in 
some cases proportional to the inverse of the 
frequency at which noise is detected. A phase- 
detecting circuit, or ‘‘lock-in’’ amplifier, was used 
to amplify the detected signal and to obtain the 
desired narrow band about 2500 cycles. This 


13C, H. Townes and S. Geschwind, J. App. Phys. 19, 
795 (1948). 
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Fic. 2. Microwave spectrometer using r-f bridge 
and heterodyne detection. 


arrangement resulted in no appreciable increase 
of signal to noise ratio, although it did avoid 
pick-up troubles due to 60 cycles and other low 
frequency sources. 

One of the difficulties in detecting weak ab- 
sorption lines is the necessity of observing small 
changes of a large background signal. However, 
there are ways of avoiding to some extent the 
handicap of measuring very small fractional 
effects. One is afforded by the Stark modulation 
technique described by Hughes and Wilson." 
Another is the bridge detecting system illustrated 
by Fig. 2. The bridge was balanced by means of 
the phase adjustment and variable attenuator so 
that power arriving at the detecting crystal was 
about one-tenth of the power through either arm. 
An absorption line was detected as a change in 
this balance due to selective absorption in the 
absorption cell and, to a lesser extent, by phase 
shifts produced. This reduced the power varia- 
tion at the crystal due to an absorption line by 
the square root of ten, but reduced the noise by 
about a factor of ten, so the net result was a 
more sensitive system. In order to detect the 
small amounts of power received by the crystal 
in this arrangement, heterodyne detection was 


used with a 60-Mc I.F. amplifier and an auto- - 


matic frequency control (A.F.C.) circuit to main- 
tain the beating oscillator exactly 60 Mc from 
the sweeping signal oscillator. Another reason for 
setting up this heterodyne system was to provide 
detection of lines with very small amounts of 
energy flowing through the absorption cell so as 
to avoid saturation and obtain very narrow lines. 
In some cases where high resolution was desired, 
power flowing through the absorption cell was 


144 R. H. Hughes and E. B. Wilson, Phys. Rev. 71, 562 
(1947). 


reduced to about one microwatt. The sensitivity 
of this system was such that the OCS* line could 
just be detected in the normal isotopic mixture 
at room temperature with 4 meters of absorption 
cell. Since S** has an abundance of 0.74 percent 
this represents an absorption coefficient of 
4.5 10-7 cm™ or 2.2 X 10-7 nepers/cm. Probably 
better balancing would afford some additional 
improvement. This system has the advantage of 
good sensitivity, and of obtaining very narrow 
lines. However, it is very slow and awkward to 
use for searching because considerable adjust- 
ment is needed at each frequency in order to 
obtain optimum sensitivity. 

In order to study the change in relative in- 
tensity of lines with change in temperature, and 
in order to boost the intensity of some weak 
lines, a thermally insulated metal trough was 
built around the absorption cell of the bridge 
detecting system. Hot water or refrigerant could 
be put in the trough to vary the temperature of 
the absorption cell from near 100°C to liquid 
nitrogen temperatures. Formula (2) shows that 
the intensity of a rotational line in the microwave 
region increases rapidly with decreasing tem- 
perature. For fixed N, the half-width may be 
expected to be proportional to (T)}, so that the 
absorption coefficient is generally proportional to 
1/7*/2, At dry ice temperature, which proved to 
be a convenient working point, intensities of 
ground-state lines were in fact found to be about 
three times greater than at room temperature. 
For some of the weak isotopic OCS lines, the 
temperature was decreased to about 125°K, 
where the intensity is ten times greater than at 
room temperature, in order to look for the possi- 
bility of weak lines split from the main line by 
nuclear quadrupole effects. 

Frequency measurements to an accuracy of 
two to five megacycles may be obtained with the 
frequency meter shown in Fig. 1. More accurate 
measurements of frequency differences between 
lines was accomplished by using the stabilized 
1-cm oscillator and a 44-Mc quartz crystal oscil- 
lator shown in this same figure. If the signal 
oscillator, the stabilized oscillator, and the crys- 
tal oscillator are all fed into a detecting crystal, 
the same beat frequency is obtained for any two 
signal oscillator frequencies separated by an in- 
tegral multiple of 44 Mc. If the receiver is tunable 
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over a range of 22 Mc, it may be set so that a 
main beat frequency is received for any frequency 
of the signal oscillator, and this beat note im- 
posed on the oscilloscope so that it coincides with 
the peak of an absorption line over which the 
signal oscillator sweeps. If the receiver is accu- 
rately calibrated, similar settings on two different 
absorption lines allow an accurate determination 
of the difference in their frequencies. This system 
is capable of good accuracy in measuring fre- 
quency differences, and the equipment needed is 
somewhat less than that required by other accu- 
rate measuring systems.!® If the oscillator is well 
stabilized to eliminate difficulties with drift, the 
main limitations in accuracy are errors in judging 
the center of an absorption line. This does not 
provide a direct measurement of absolute fre- 
quency, but absolute frequencies can generally 
be obtained with more accuracy than needed by 
setting on one of the accurately determined am- 
monia lines. In the case of OCS, most of the 
lines were thus referred to the well measured 
O04CPS® line. ; 

The oscillator was stabilized part of the time 
on an ammonia line by the circuit shown in 
Fig. 3, and part of the time by a similar circuit 
on a standard transmission-type wave meter. 

An ammonia line is split into Stark components 
by the application of a constant electric field. In 
addition, a small a.c. field of a convenient fre- 
quency such as 10,000 cycles is applied to change 
the frequency of each component sinusoidally by 
about 0.1 Mc. A microwave signal is transmitted 
through the ammonia. If its frequency is ap- 
proximately equal to the frequency of one of the 
Stark components, then its intensity at the de- 
tecting crystal will be modulated by the varying 
Stark field. If the oscillator frequency is higher 
than the average position of the Stark compo- 
nent, a 10,000-cycle signal of one phase will be 
received by the crystal; if it is lower, a similar 
signal of opposite phase is detected. Thus a 
phase-detecting circuit or “lock-in’’ amplifier 
into which the crystal signal is fed will produce 
a signal of one sign if the oscillator frequency is 
_ higher than the line, and of the opposite sign if 
the oscillator frequency is lower, providing the 
usual discriminator curve needed to feed back 


*W. E. Good and D. K. Coles, Phys. Rev. 72, 157 
(1947). 
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into the frequency-determining electrode of the 
oscillator in order to achieve stabilization. This 
system is particularly suited for stabilization on 
a gas absorption line since no part of the micro- 
wave circuit varies in synchronism with the vary- 
ing Stark field except the absorption lines, and, 
consequently, spurious effects due to other parts 
of the microwave circuit are eliminated. The 
effectiveness of this circuit was judged by com- 
paring the beat note produced in the frequency- 
measuring circuit described above with a gas 
absorption line over periods of several hours. No 
detectable variation or drift was found, which 
indicates that stabilization was better than about 
0.05 Mc. This same type of circuit was also 
used with a standard frequency meter as the 
frequency-determining element rather than am- 
monia. In this case, instead of varying the fre- 
quency of peak absorption of the meter, a small 
signal was put on the oscillator to vary its 
frequency +0.05 Mc. Of course a beat note for 
frequency measurement 0.1 Mc wide was then 
produced, but its width proved to be no handi- 
cap. In contrast to the case where ammonia was 
used for stabilization, some trouble was en- 
countered while using the frequency meter with 
frequency drifts of the order of 0.1 Mc. These 
were probably caused by temperature and atmos- 
pheric changes which shifted the resonant fre- 
quency of the cavity. A temperature change of 
only 1°C was sufficient to produce a 0.1-Mc shift 
in resonant frequency of the cavity. 

Intensities and half-widths of lines were meas- 
ured in an apparatus of the type shown in Fig. 1. 
The deflection of the oscilloscope trace varies in 
an approximately linear way with absorption in 
the wave guide. In order to measure the half- 
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Fic. 3. Circuit for stabilizing a microwave oscillator 
on the frequency of a gas absorption line. 
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width of an absorption line, gas pressure was 
adjusted to obtain a convenient width such as 5 
Mc, and frequency markers set at the half-height 
points on either side of the pip seen on the 
oscilloscope. 

Intensities were measured by comparing the 
size of pip produced by the resonance of a fre- 
quency meter with that produced by the gas 
absorption line. The fraction of power absorbed 
by the frequency meter was determined by meas- 
uring the rectified crystal currents with the meter 
set first on and then away from the oscillator 
frequency. In addition, absorption due to the 
frequency meter was determined by comparing 
its effect on crystal current with that of a cali- 
brated attenuator. This type of measurement 
appears to have an accuracy of about +20 per- 
cent, and with care might be made as accurate 
as +10 percent. 


CYANOGEN CHLORIDE 


The J=1-— 2 line of CICN shows many of the 
same characteristics as that due to OCS, but is 
considerably more complex because both the 
chlorine and nitrogen nuclei possess electric 
quadrupole moments. The major lines of the 
Cl*®CN J=1-2 transition are shown under low 
resolution in Fig. 4. The satellite lines seen in 
Fig. 4 are not due to molecules in excited vibra- 


tional states. This was demonstrated by compar- 
ing their intensities relative to the main line at 
room temperature and at —78°C. Relative in- 
tensities for the two temperatures were found to 
be the same within +20 percent, whereas the 
population of the lowest energy excited state 
should have decreased at the lower temperature 
by a factor of about 2.5. The Cl”"CN J=1-2 
transition shows a similar pattern, but with the 
satellites separated by about 25 percent less than 
is the case for Cl*®CN, showing that these lines 
depend strongly on the nature of the chlorine 
nucleus. Two types of nuclear effects may be 
expected to cause splitting of rotational molecu- 
lar lines, and have been studied in other molecules 
by Rabi and his associates. They are nuclear 
magnetic dipole interactions which give energies 
dependent on the cosine of the angle between 
nuclear spin J and molecular rotetional mo- 
mentum J, and nuclear electric quadrupole mo- 
ments giving energies dependent on the square 
of this cosine. The magnetic dipole ixteractions 
are generally very small in molecules because 
most molecules are in !Z-states, and :n addition 
the pattern to be expected is quite difterent from 
the spectrum obtained. The splitting due to a 
single nucleus coupled to molecular rotation of a 
linear molecule by electric quadrupole effects 
may be obtained from the basic work of Casimir. 
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Relative intensities and positions of the various 
components are readily obtained from published 
tables. Calculation of these quantities has been 
discussed in some detail in an earlier paper.'® 
Plots of patterns to be expected from a J=1-—>2 
transition assuming quadrupole interactions for 
a nucleus of spin 5/2, 3/2, or 1 are shown in 
Fig. 4 and compared with the observed Cl*®*CN 
spectrum. These hyperfine patterns are quite 
specific with respect to both the nuclear spin J 
and the rotational transition J-~J+1. The spin 
of N}4 is well known to be 1, and the spins of Cl* 
and Cl*’7 have been measured from band spectra 
as 5/2. The carbon, having spin zero, can con- 
tribute no quadrupole effects. It may be seen 
that the pattern for a spin 3/2 best fits the ob- 
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served spectrum. However, more resolution is 
plainly needed to resolve all of the expected 
structure. In addition, since both N and Cl are 
contributing to the pattern, it is necessary to 
compute expected patterns when two nuclei in 
the same molecule show quadrupole coupling. 
The case of two nuclear quadrupole couplings 
of arbitrary relative magnitude was solved by 
Bardeen, and has been described in a form con- 
venient for calculation of spectra.!® With this 
theory, it was found possible to fit very well and 
in detail the Cl*CN" spectrum observed under 
high resolution with the heterodyne detecting 
system described above.!’ This fit is shown in 
Fig. 5. It is necessary to assume that Cl** has a 
spin of 3/2 as indicated by the low resolution 
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Fic. 5. Spectrum of CI™CN J =1-+2 transition with both low and high dispersion and comparison 
with theoretical pattern assuming spin of Cl® is 3/2. 
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results. In this molecule, the quadrupole coup- 
ling, eQ(6?V/dz27), for chlorine 35 is found to be 
minus 83.2 megacycles and much larger than 
that of the nitrogen 14, which is minus 3.63 
megacycles. This is the reason the major lines of 
the spectrum give the appearance of a pattern 
due to a nucleus of spin 3/2, these major lines 
being finely split by the effects of the nitrogen 
nuclear quadrupole. Lines are designated in Fig. 
5 first by the final and initial values of Fi, the 
quantum number for the vector sum of J; and J, 
and then by final and initial values of F, the 
quantum number for the vector sum_of J;, Io, 
and J. Here J; is the spin of the Cl nucleus, - J, 
the spin of the nitrogen nucleus. Thus a line 
5/2 7/2-27/2 9/2 indicates a transition F,;=5/2 
—7/2 and F=7/2->9/2. If only one number is 
given in final or initial states, it is the value of F;. 
F, has a definite value only as a first approxima- 
tion, but it is a sufficiently good quantum number 
for identifying the lines. Every one of the lines 
due to chlorine splitting have been observed, in- 
cluding the weak 3/2->1/2 and 5/2-+3/2. The 
weakest line, 5/2—+3/2, was also observed to 
split into three components due to the nitrogen 
quadrupole in accordance with theory, but no 
photograph of these lines is available for inclusion 
in Fig. 5. Agreement between the measured 
spectrum and the theoretical spectrum is so ex- 
tensive and detailed, assuming that Cl®* has a 
spin of 3/2, that we may be sure this is the correct 
spin rather than the previously determined value 
of 5/2. 

A good illustration of the resolving power of 
the technique used is also afforded by Fig. 5. 
The central group of lines is shown under high 
dispersion with two different gas pressures. In 
the lowest spectrum, the gas pressure is least 
(about 210-4 mm Hg) and the highest resolu- 
tion is obtained, although at this low pressure 
various effects have decreased the line strengths. 
Saturation has changed the relative intensities of 
some of the components in the lowest spectrum. 
The two rather strong lines 5/2 3/2-7/2 5/2 
and 3/2 5/2-+5/2 7/2 are separated by only 140 
kilocycles, but are shown completely resolved. 
In the right-hand group of lines, showing how 
the 3/2-+3/2 line is split by the N quadrupole, 
the small line on the right is flat on the top. This 
indicates that the two components 3/2 1/2 
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—3/2 1/2 and 3/2 1/2-+3/2 3/2 are almost, but 
not quite, resolved. Their theoretical separation 
is 70 kilocycles. Doppler effect and collision with 
the walls of the K-band guide (10.7 mm X4.3 mm 
cross section) should produce half-widths of 
about 35 and 10 kilocycles, respectively, at the 
gas temperature (—78°C) used for the photo- 
graphs, so that actual resolving power misses the 
theoretical limit by a factor of two. The limit 
on resolution is probably partly due to satura- 
tion effects which produce a broadening of the 
lines and a decrease in intensity. Power trans- 
mitted through the CICN gas in K-band guide 
for highest resolution was about 1.5 microwatts, 
which might be expected to produce noticeable 
saturation effects at a gas pressure of about 
5X10-* mm Hg, where the half-width due to 
intermolecular collisions should be approximately 
25 kilocycles. An additional limitation on resolu- 
tion, and probably an important one in the 
experiments here, is the fact that both signal and 
beat oscillators are not truly monochromatic. If 
care is taken to insure a very narrow frequency 
band produced by the oscillators, and somewhat 
smaller transmitted power is used, it seems rea- 
sonable to expect that resolution limited pri- 
marily by Doppler effect can be achieved, or 
about twice that obtained in these experiments. 

As in the case for OCS, CICN molecules excited 
to the first level of the bending vibrational mode 
are fairly abundant at room temperature, in- 
cluding about one-quarter of the total molecules. 
The lines produced by the molecules are split by 
l-type doubling as in the case of OCS, and in 
addition by nuclear quadrupole effects. The 
quadrupole pattern for these molecules excited 
to the bending vibrational mode is radically 
different from the pattern produced by molecules 
in the ground state. Because of the degeneracy 
of the ‘excited bending mode, the molecules be- 
have essentially like symmetric tops with unit 
angular momentum around the molecular axis. 
Quadrupole interactions are correspondingly 
modified. Assuming a spin of 3/2 and the.same 
value of quadrupole coupling found for the 
ground state, the expected splitting has been 
calculated and is compared with excited state 
lines found in Table III. These lines are desig- 
nated in a notation similar to that used for Fig. 5, 
but in addition vibrational states must be indi- 
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cated. This is done by specifying the value of the 
vibrational quantum number which is not zero, 
eg., #2=1, and indicating each of the /-type 
doublets separately. The arbitrary label /, has 
been used for the low frequency component of 
the doublet and /, for the high frequency com- 
ponent. All lines which can be expected from the 
splitting due to Cl for these excited states are 
found except those corresponding to the transi- 
tions 5/2-23/2 and 3/2—>1/2, which are weaker 
than the weakest of the other lines by a factor 
of three. Intensities given for the excited state 
lines in Table III assume room temperature 
(298°K) conditions. In one case two lines coincide 
closely and are not resolved. These lines were not 
examined under high resolution so that no 
splitting due to the nitrogen quadrupole was 
observed. 

In fitting the excited state lines, one obtains 
values for the rotational constant a:= —16.39 
Mc and the /-type doubling constant g=7.50 Mc. 
Thus corresponding lines of the two /-type 
doublets are separated by 30.00 Mc. The value 
for this splitting published earlier? is incorrect by 
5 Mc because of an error in transcribing the data. 

All observed lines of the J = 1-2 transition of 
Cl**C”?N?!4 are listed in Table III. Some of these 
lines were measured as described above and their 
frequencies obtained by reference to the nearby 
N“H; 3,3 line. Differences between these meas- 
urements and the theoretical values, assuming 
the values of quadrupole coupling constants, ae, 
and g given above and a value By = 5970.820, are 
of the order of 0.1 Mc and probably represent 
experimental errors. That agreement between 
theory and both position and relative intensity 
of the lines is good at least among any one group 
can be seen by comparison of the reproduction of 
oscilloscope sweeps in Fig. 5 and the theoretical 
spectra immediately below the sweeps. Measured 
values are given in Table III only for those lines 
which were measured by superposing a frequency- 
measuring pip on the line, but all lines observed 
agree well with expectations as shown in Fig. 5. 

The Ch7CN J=1->2 transition was found to 
have just the same pattern as shown by CI®CN, 
giving a spin of 3/2 to Cl? as well as Cl**. The 
three main groups of lines (Fi=1/2->3/2 and 
5/2-95/2, F,=1/2-1/2, 3/2-25/2, and 5/2 
7/2, and F,=3/2—+3/2) were examined under 


TABLE III. 


Observed lines of the ClC12N14 
J =1-—>2 transition. 








Line designation 


Measured 
frequency in 
megacycles 


Theoretical 
frequency in 
megacycles 


Theoretical 
intensity 
relative to 
strongest 
line 





1/2-—+3/2 
5/2 


3/2—>5/2 5/2 


7/2—>5/2 
3/2—>5/2 
7/2—>5/2 
5/2—>5/2 
5/2—>5/2 
5/2—5/2 
3/23 /2 
3/2—>3/2 
3/2—+3/2 
7/2—>3/2 
5/23 /2 
5/23 /2 


1/2—>1/2 


7/2—>7/2 
3/25 /2 
3/2—>5/2 
5/2—5/2 
5/27 /2 
7/2—>7/2 
3/2—>7 /2 
5/2-—>5/2 
1/2-+5/2 
5/27 /2 


23862.57 


23883.30 


23885.16 


23862.47 
23863.46 
23863.77 
23864.00 
23864.18 
23864.52 
23864.93 
23865.07 


23878.60 
23878.93 


23879.74 
23883.28 
23884.22 


23884.76 
23884.91 


23885.16 


23885.31 
23886.03 
23886.24 


0.32 

0.012 
0.013 
0.066 
0.14 

0.092 
0.013 
0.012 


0.0087 
0.017 


0.013 
0.32 
0.28 


0.044 
0.57 


1.00 


0.36 
0.14 
0.047 


3/2-»3/2 
3/23 /2 
3/2—>3/2 
5/2—3/2 
5/2-—+3/2 
1/2—3/2 
1/2-»3/2 3/2 


v.=1, h, 3/2—+5/2 

3/2—+1/2 
ve=1, h, 3/2->3/2 
v.=1, h, 5/2—+5/2 
ve=1, h, 5/2—>7 /2 
v2.=1, h, 1/2—>3/2 
vw.=1, lo, 3/2—+5/2 
ve=1, h, 1/2—+1/2 
ve=1, lo, 3/2—>3/2 
v2.=1, le, 5/25 /2 
v2=1, lz, 5/2->7/2 
v=1, lo, 1/2—>3/2 
vw=1, lo, 1/2—1/2 


23899.59 23899.42 0.14 


0.21 
0.070 


23900.20 23900.09 


23900.67 


0.18 
0.066 
0.091 
0.075 
0.37 
0.067 
0.18 


0.16 


0.075 
0.37 

0.067 
0.067 


23918.1 
23920.79 
23925.5 
23928.5 
23938.9 
23944.2 
23948.1 


23955.1 


23958.5 
23968.9 
23974.2 
23984.6 


23917.9 
23920.91 
23925.5 
23928.7 
23928.6 
23944.4 
23948.2 


23954.5 


23958.4 
23968.6 
23974.4 
23984.6 








high resolution and all lines found to correspond 
to the Cl*®CN lines except that a few were too 
weak to detect, since Cl*” has an abundance one- 
third that of Cl**. Only the measured lines are 
listed in Table IV, and compared with theo- 
retical values using a value By = 5847.26 and tak- 
ing quadrupole coupling constants (eQ(d? V/d2?)) 
minus 65.7 Mc for Cl? and minus 3.63 Mc for 
N"‘ as before. 

The quadrupole coupling constants of Cl*, 
Cl*7, and N' in this molecule agree well with 
those reported earlier from less accurate data.” 
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TABLE IV. Measured lines of the Cl?7C!?2N"“ 
J =1-— 2 transition. 








Measured Theoretical 
frequency in frequency in 


Line designation megacycles megacycles 


1/2 3/2-—3/2 5/2 23372.72 23372.60 
1/2—>1/2 23389.00 23389.04 
3/2 3/2-+5/2 5/2 23389.61 23389.58 


5/2 7/2->7/2 9/2 
5/2 3/2->7/2 5 (3) 23390.53 23390.53 


3/2 5/2+3/2 5/2 23402.47 23402.38 











The strongest group of lines (Fi =1/2—1/2, 
F,=3/2-35/2, and F,;=5/2—37/2) of the isotopic 
molecules Cl*®C!3N'4 and C#7C4N14 were also 
observed in CICN enriched in C to 20 percent. 
The patterns appeared identical with those of 
the same molecules containing C”, which is to 
be expected since the C!* can show no quadrupole 
effects if its spin is 1/2 as found by Jenkins.'® 
Intervals, between the strongest lines (sum of 
5/2 7/2-37/2 9/2 and 5/2 3/2->7/2 5/2) of the 
various isotopic species of CICN were measured 
in order to obtain the isotopic shifts. The inter- 
vals found are listed in Table V. As previously 
discussed in the case of OCS, zero-point vibra- 
tions limit the accuracy with which internuclear 
distances can be determined, but distances com- 
puted from three pairs of isotopic molecules by 
neglecting zero-point vibrations are given in 
Table V. 

Intensity and half-width of the strongest group 
of lines due to Cl*5C!N!4 were measured at pres- 
sures high enough to make the half-width several 
times the maximum splitting. The intensity was 
found to be 8.0+1X10-5 cm— or 4.0+0.5 x 10-5 
nepers/cm for a plain wave, and the half-width 
(total width at half-maximum intensity) equiva- 
lent to 50+8 Mc at a gas pressure of 1 mm Hg. 
The dipole moment of CICN has apparently-not 
been measured. If expression (2) is used to evalu- 
ate the dipole moment from this intensity meas- 
urement, the value 2.66+0.25 Debye units is 
obtained. Since BrCN and ICN have values 2.94 
and 3.71 Debye units, respectively, this value 
for CICN appears to be reasonable. 


18 F, A. Jenkins, Phys. Rev. 72, 169 (1947). 

19L. G. Wesson, Tables of Electric Dipole Moments 
Bapeeeery of Insulation Research, M.I.T. 1947), pp. 15 
an ; 


TABLE V. Frequency differences between various isotopic 
species of CICN and computed internuclear distances 
neglecting zero-point vibrations.* 








Measured Computed inter. 


interval between nuclear distances 
strongest lines assuming no zero. 


Isotopic species (5/2 7/27/2 9/2) Point vibrations 
compared in megacycles Cci-—C C-N 


494.6340.05 1.6238 1.1700 
500.67+0.10 1.6246 1.16091 
124.18+0.05 1.6315 1.1509 





CI8CRNU. CB7CRNU 
Cl=CBN™ CB7CBNu 
Cl5C2N"' CpsCuNu 








* Isotopic masses are from Mattauch (see reference 10). 


CYANOGEN BROMIDE 


The transition J/=2-—3 of cyanogen bromide 
produces a spectrum near the same frequency as 
that due to the J=1-— 2 transition of cyanogen 
chloride. The two spectra are similar in many 
respects, both involving halogens of spin 3/2 
whose large quadrupole couplings produce the 
main lines of the spectrum. These main lines are 
split more finely in both cases by the smaller N" 
quadrupole coupling. All of the lines found for 
this transition which are produced by splitting 
due to quadrupole moments of the two bromine 
isotopes are listed in Table VI and compared 
with theory. In most cases these lines were not 
examined under high resolution. The splitting 
due to the N'* quadrupole moment may of course 
shift the center of gravity of the line and, there- 
fore, its neglect can cause discrepancies between 
measured frequencies and theoretically computed 
frequencies. However, in most cases this shift is 
less than 0.1 Mc. Resolution of one of the lines 
and evaluation of the size of the N" coupling will 
be discussed below. Lines in Table VI are desig- 
nated in a way similar to that used in Table III. 
Since the splitting due to N"‘ is ignored, however, 
only values of F; are given, that is the angular 
momentum in units of h/2zm resulting from the 
vector addition of J and the angular momentum 
I of a bromine nucleus. In addition the bromine 
isotope responsible for each line is indicated as 
part of the line designation, since there is appreci- 
able overlap of the spectra of the two isotopes. 

Assuming quadrupole couplingstf plus 573.5 
Mc for Br® and plus 686.5 Mc for Br”, lines of 
the ground vibrational state may be fairly accu- 
rately fitted by using Casimir’s expression’® for 

tt Values of quadrupole coupling constants given by 
the authors in reference 17 are somewhat in error due to 


an oversight, and are not the values which give the theo- 
retical fit for the BrCN spectrum shown there. 











quadrupole interaction energy 
aV $C(C+1) —1(I+1)J(J+1) 
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However, there are deviations from this fit for 
both isotopes. These deviations are due primarily 
to the fact that the bromines have such a large 
quadrupole coupling that first-order perturbation 


TABLE VI. Lines due to J =2—>3 transition of BrCN. 











Theoretical fre- Measured 
quency including Correction due intensity 
only first-order to second-order relative to Theoretical 
Measured frequency effects of bromine Difference in effectsof bromine strongest relative 
Designation of line in megacycles quadrupole megacycles quadrupole line intensity 
81 3/2-»3/2 24465.33 24465.87 +0.54 +0.66 0.05 0.065 
Bt a+ /2 
sa alah 24506.75 24506.37 ~0.38 —0.05 ne ‘a 
81 5/2>5/2 24507.38 24506.84 —0.54 —0.65 
81 n=1 
ety 24541.18 24541.87 +0.69 +0.16 0.025 
at a 24573.86 24573.75 0.05 —0.05 1.0 0.98 
19 3/2->3/2 24583.00 24583.87 +0.87 40.97 0.1 0.066 
a1 aeiat 24608.92 24609.25 +0.33 +0.16 0.4 0.42 
81 2= 1, h 
ae yey 24622.93 24622.90 —0.03 0.1 0.12 
79 5/2->5/2 24633.71 24632.88 —0.83 —0.94 0.1 0.086 
81 »=1, Js 
heey 24645.82 24645.97 +0.15 
79 4=1 0.1 0.18 
9/3) 24644.94 
81 »=1, h 
Hemet 24658.89 24658.94 +0.05 0.1 0.11 
81 V2= 1, l, 3 
me y 24682.13 24682.01 —0.10 0.1 0.11 
79 y= 1 
ey st 24687.11 24687.36 +0.25 40.25 0.025 
9 at 24713.05 24712.97 —0.08 0.08 1.0 1.00 
81 7/2->7/2 24717.19 24717.13 —0.06 —0.17 0.066 
19 1/2-+3/ 3} 24755.22 24755.47 40.25 +0.21 0.4 0.43 
3/2-+5/2 . . . . . . 
79 v2 = 1, h P 
ae ye 24760.76 24760.31 —0.45 0.1 0.13 
79 v2 = 1, lL, 
heey 24784.02 24783.78 —0.24 0.1 0.13 
79 V2 = 1, h 
3273/3) 24803.00 24803.46 +0.46 0.1 0.11 
79 v2= 1, l, 
3a3/5} 24826.70 24826.93 +0.23 0.1 0.11 
79 7/2—>7/2 24884.57 24884.59 +0.02 ~0.25 0.05 0.066 





— 
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theory is not sufficiently accurate, and the value 
of J in either upper or lower state of the transi- 
tion is not truly constant. Bardeen has calculated 
the matrix elements necessary to evaluate the 
second-order corrections. These have been pub- 
lished and the theoretical corrections derived 
from them shown to fit well the somewhat larger 
second-order effects in ICN.2° The second-order 
terms are proportional to (eqQ)?/Bo, so they 
differ by about 40 percent for the two bromine 
isotopes. A comparison of the second-order cor- 
rections and deviations from the first-order 
theory displayed in Table VI shows that the 
deviations are primarily due to this cause. The 


remaining discrepancies are of the order of 0.1: 


Mc and probably due to shifts produced by the 
N* quadrupole moment and to experimental 
error. Experimental relative intensities listed in 
the table are those originally published* before 
these lines were understood and analyzed. The 
relative intensity measurements have not been 
refined or measurements made on the new lines 
because in all cases so far tested, experimental 
relative intensities agree within the accuracy of 
measurement with theoretical values, and theo- 
retical values are probably much more accurate 
and reliable. 

Lines due to BrCN molecules excited to the 
bending vibrational mode have been found and 
exhibit /-type doubling as described above with 
the /-type doubling constant g=3.912 Mc and 
3.845 Mc for Br7?CN and Br®!CN, respectively. 
The value of a2: is minus 11.49 Mc for both 
Br?CN and Br®*CN. The lines are split by 
quadrupole effects into the pattern characteristic 
of a symmetric top with K =1. The four strong 
components produced by the Br quadrupole for 
each isotope approximately coincide in pairs, 
giving two lines which predominate in the 
quadrupole pattern of each /-type doublet. Lines 
produced by molecules in this excited state are 
listed in Table VI and compared with theory. As 
a verification that the lines so identified were 
produced by molecules in an excited vibrational 
state, intensities of the lines at 24622.93 Mc and 
24645.82 Mc were compared with intensity of 


( 20 iM Bardeen and C. H. Townes, Phys. Rev. 73, 627 
1948). 

21 C, H. Townes, A. N. Holden, and F. R. Merritt, Phys. 
Rev. 71, 64 (1947). 
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the ground-state line at 24633.71 Mc for tem- 
peratures —40°C and +85°C. This temperature 
variation gives a computed change in the relative 
intensity of ground-state lines to those in the 
first excited bending mode of 2.2, which was con- 
firmed by observation. 

One of the stretching vibrational frequencies, 
v1, is also low enough to allow observation of 
some of its stronger lines at room temperature. 
The quadrupole pattern for this excited state is 
identical with that of the ground state assuming 
the quantity 0? V/d2? is not appreciably changed, 
and intensity of corresponding lines are in the 
ratio 1:16.5 because of the Boltzmann factor. 
For Br®CN the two strongest lines due to this 
excited state were found and are listed in Table 
VI. The stronger almost coincides with the 
5/2-45/2 line of the ground state. Only one of 
the lines due to the same excited state of Br?CN 
is given in Table VI, the other strong line being 
masked by the line at 24645.82 Mc which ap- 
proximately coincides with it. The separation of 
the two strong lines of Br®CN excited to this 
stretching mode is somewhat smaller than that 
for the corresponding ground state lines, indi- 
cating perhaps a small difference in the value of 
0? V/dz? for the two cases. The difference is not, 
however, larger than might be accounted for by 
error in measurement, of these weak lines. The 
molecular constant a; obtained from measure- 
ment of these excited state lines is 11.36 Mc and 
11.23 Mc, respectively, for Br®CN and Br®™CN. 

The J=3-— 4 transition of BrCN has been 
studied by Gordy, Smith, Smith, and Ring.” 
They found and identified lines due to molecules 
excited to the low frequency stretching mode, 1, 
and as well as can be judged from their published 
plot of lines, the value of a; obtained from their 
measurements would agree with ours. In addi- 
tion, a number of lines due to molecules excited 
to the first bending mode are shown in their plot, 
but these were not identified. 

So far in this discussion, splitting of the BrCN 
lines by the N'* quadrupole has been neglected. 
The measurements given in Table VI were made 
under conditions of moderately low resolution, 


* Gordy, Smith, Smith, and Ring, Phys. Rev. 72, 259 
(1947). Cf. also further measurements by Gordy et al. 
[Smith, Ring, Smith, and Gordy, Phys. Rev. 74, 370 
(1948) '] which have appeared after this writing. 








MICROWAVE SPECTRA 


STRUCTURE OF 


Br79cn F='/9->3,9 AND F= 34> 55 


LINE AT 24755.2 MC 


Fic. 6. Structure of Br7CN 
J=2-—3, F=1/2-3/2, and 
F=3/2-+5/2 transitions. 
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and hence probably measure the center of gravity 
of the group of lines produced in each case by the 
nitrogen quadrupole. Figure 6 shows one of these 
groups under somewhat higher resolution. This 
is a composite of patterns of the lines 1/2-+3/2 
and 3/2-+5/2 of Br?CN which should coincide 
exactly, assuming no nitrogen quadrupole mo- 
ment and only first-order bromine quadrupole 
effects. Second-order bromine quadrupole effects 
separate the two lines by 0.76 Mc, and the 
nitrogen quadrupole moment splits each into 
several components, resulting in the theoretical 
pattern shown in Fig. 6. Because the second- 
order effects in Br®!CN are about 40 percent less 
than those for Br”CN, the appearance of the 
group of lines due to the transitions 1/2—+3/2 
and 3/2-+5/2 of Br®*CN is somewhat different. 
From the measurements of separations of various 
components of the group of lines shown in Fig. 6 
and a comparison with the theoretical pattern 
computed in a way similar to that used for CICN, 
the value of the N'* quadrupole coupling in this 
molecule may be determined as minus 3.83 Mc. 
The difference between this value and the value 
minus 3.63 Mc found for CICN is not much larger 
than the sum of expected experimental errors in 
each, but it is thought to be significant. 
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Values of Bo used to compute theoretical fre- 
quencies in Table VI are 4120.19 Mc and 4096.76 
Mc, respectively, for Br?CN and Br®™CN. From 
these, internuclear distances may be computed 
as 1.158A for the C—N distance, and 1.790A for 
the Br—C distance. This computation again 
neglects the effect of zero-point vibrations, and 
as a consequence, the difference between the 
C—N distance obtained for BrCN, and that ob- 
tained for CICN (see Table V) may not be 


significant. 


Intensity and half-width of the Br®CN 
5/2-+7/2 and 7/2-9/2 line were measured at 
room temperature. The peak intensity was found 
to be 6.0+1 10-5 cm“ for a plane wave and the 
half-width equivalent to 42+6 Mc for one-mm 
Hg gas pressure. Taking the value 2.94 Debye 
units” for the dipole moment of BrCN and using 
the measured half-width, expression (2) gives a 
theoretical intensity of 7.2+1 10-5 cm™. 


CYANOGEN IODIDE 


A pure rotation transition of ICN was first 
reported by Gordy, Smith, Smith, and Ring,” who 
measured the J =4—>5 transition and gave a value 
260 X10-*° g cm? for the moment of inertia and 
2070+20 Mc for the quadrupole coupling. In 
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TABLE VII. Lines due to J =3-—>4 transition of ICN. 








Theoretical 


frequency in- 


cluding first- 


Theoretical 





and second- intensity 
Measured order effects relative to 
Designation frequency in of iodine 11/2-413/2 
of line megacycles quadrupole line 
Vv2= 2 j=2 
11/2—13/2 26046.32 26046.21 0.088 
5/2-—+5/2 25991.92 25991.58 0.14 
3/2—>3/2 25969.58 25969.55 0.092 
7/27 /2 25954.36 25954.24 0.16 
=1, ls 
" 11/2-+13/2 25927.66 25927.79 0.21 
ve=1, 
; ti/2-+13/2 25906.28 25906.29 0.21 
ve=1, Ll 
9/2-11/2 25893.73 25893.56 0.16 
vw=1, 
oye-o11/2 25872.24 25872.06 0.16 
v=1,l 
* 7/2->9/2 25850.78  25850.48 0.12 
9/2—+11/2 25837.64 25837.71 0.76 
v2= i. h 
* 1/2->9/2 25829.31 2582898  —0.12 
11/2—13/2 25823.08 25823.08 1.00 
ve=1, lL 
* 3/2->5/2 25815.34 25815.55 0.058 
ve=1, 1 
° 5/2—»7 /2 25802.92 25803.34 0.085 
9/29 /2 25789.85 25789.88 0.15 
7/2—>9/2 25783.50 25783.56 0.56 
y4=1 
* 9/2->11/2 25763.23 -25763.06 —0.076 
1/2—>3/2 25752.65 25752.73 0.18 
=1 : 
11/2—>13/2 25748.18 25748.43 0.10 
5§/2->7/2 25728.77 25728.73 0.40 
3/2—+5/2 25711.50 25711.53 0.28 
11/2—11/2 25393.87 25393.69 0.097 











terms of the quadrupole coupling constant as 
defined here, their value is 2588+25 Mc. The 
value of B obtained from a moment of inertia 
260X10-*° g cm? is 3230 Mc. 
transmission has been measured here with more 
accuracy than that obtained by earlier measure- 
ments, and the various components have been 
somewhat more thoroughly analyzed. Values of 
the molecular constants found here are con- 
sistent with those given by Gordy, Smith, Smith, 
and Ring, except that the value of quadrupole 
coupling constant obtained is considerably out- 
side of their quoted experimental error.f{t This 
may be due to the presence of second-order effects 
which were not recognized in these early measure- 
ments.{ Table VII lists the measured line fre- 


ttt Very recent measurements by Gordy et al. [A. G 
Smith, H. Ring, W. V. Smith, and W. Gordy, Phys. Rev. 


74, 370 (1948) ] show very good agreement with results 


presented here. 
t Cf. O. R. Gilliam, H. D. Edwards, and W. Gordy, Phys. 


Rev. 73, 635 (1948). 


The J=3—4 . 





quencies and the theoretical frequencies and 
relative intensities. Rather rough relative inten- 
sity measurements which were made agreed with 
the theoretical values listed in the table. 

As in the case of BrCN, the further line split- 
ting due to the N'* quadrupole is ignored in ICN, - 
the lines having been measured under relatively 
low resolution conditions. Their positions may 
be shifted in some cases as much as 0.1 Mc by 
effects of the nitrogen nucleus, but since this is 
about the accuracy of measurement, these shifts 
have not been taken into account. In some cases 
rather large shifts are contributed by second- 
order effects because of the large size of the iodine 
quadrupole coupling. A more detailed statement 
of these second-order effects has been given else- 
where.”° The two lines of the ground state 
7/2-+9/2 and 9/2-+9/2 should coincide so far as 
first-order effects of the iodine quadrupole are 
concerned. Actually they are separated by 6.35 
megacycles due to second-order effects. The 
separation between the two intense lines 11/2 
—11/2 and 11/2->13/2 is very large (429.21 Mc) 
and allows a rather accurate determination of 
the iodine quadrupole coupling constant, minus 
2420 Mc. 

A considerable number of lines due to mole- 
cules in the excited bending mode (vz=1) are 
listed in Table VII. The value of az obtained is 
minus 9.501 Mc and the /-type doubling constant 
q equals 2.688 Mc. Second-order quadrupole ef- 
fects are again in evidence and are somewhat 
larger than for the ground state because non-zero 
matrix elements exist between rotational states 
with J values differing by only one as well as 
those for J values differing by two which occur 
in the ground state case. 

One line is listed which is due to molecules 
doubly excited in the bending mode (v2=2). In 
this case, the theory of Nielsen and Shaffer® shows 
that the three degenerate levels with ve=2 form 
two states for which the angular momentum / 
about the molecular axis is 2/, and one state with 
this angular momentum equal to zero. The /-type 
doubling for the two states with /=2 is less by a 
factor B/we: than the doubling when /=1, and 
hence is not observed. The strongest line due to 
this excited vibrational state, v2=2, is therefore 
the transition 11/2-+13/2 when /=2, and its 
measured position agrees well with that predicted 
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by using the molecular constants determined 
from other states. Second-order quadrupole ef- 
fects must again be taken into account. Several 
weak lines between 25,800 Mc and 26,000 Mc 
were found which coincide approximately with 
other transitions of molecules in the states v2=2, 
/=2, and v.=2, /=0, but these were not accu- 
rately measured and hence are not included in 
Table VII. 

Peak intensity of the strongest line (11/2 
—13/2) was measured at room temperature and 
found to be 8.74+1X10->5 cm~. Half-width of 
this same line was 4.0-+0.6 Mc when the gas was 
in equilibrium with a trap at zero degrees centi- 
grade. From the measurements of Ketelaar and 
Kruger®* this would represent a vapor pressure 
of 0.10 mm Hg, so that the half-width at one mm 
Hg pressure would be 40+6 Mc. Unfortunately, 
ICN attacked the mercury in a McCleod gauge 
so rapidly that no direct measurement of vapor 
pressure could be made. Using a value of 3.72 
Debye units for the dipole moment, expression 
(2) gives a theoretical peak intensity 10+1.4 
X 10-5 cm-. 

Since only one isotopic variety of ICN was 
measured, the two internuclear distances cannot 
be determined from the microwave measure- 
ments on this molecule alone. If the value 1.158A 
found above for BrCN is taken as the C—N dis- 
tance, then the I—C distance may be determined 
as 1.995A. 


PREPARATION OF SUBSTANCES MEASURED 


The OCS used in this work was prepared by 
the acid hydrolysis of aqueous alkali thiocya- 
nate.*4 In the case of OCS, 5 g KCN of 21.4 
atom percent C!*, obtained from the Eastman 
Kodak Company, was converted to thiocyanate 
by dissolving it in a freshly boiled mixture of 3 g 
sulfur and 10 cc distilled water and maintaining 
the solution at 60°C under an atmosphere of 
nitrogen for two days with occasional agitation. 
The resulting solution was cooled to 0°C and 
poured rapidly into a mixture at 0°C of 100 g 
H2SO, and 50 cc H,O. The mixture was allowed 
to warm slowly to 40°C over three hours with 
occasional agitation, the OCS slowly evolved 

%3 J. A. A. Ketelaar and S. Kruger, Rec. Trav. Chim. 62, 
550 (1943). 


24 See, e.g., A. Stock, W. Siecke, and E. Pohland, Ber. d. 
D. chem. Ges. 57, 719 (1924). 
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being bubbled through 15 cc of a 30 percent 
NaOH solution cooled to 0°C, and condensed in 
a trap cooled with dry’ice—acetonic mixture. In 
the case of OCS, the thiocyanate solution con- 
sisted of 7 g NH,SCN dissolved in 5 cc of H:O 
of 1.5 atom percent O obtained from the Atomic 
Energy Commission, and the acid solution was 
prepared by saturating 15 cc of the same water, 
cooled to —15°C with an ice-salt mixture, with 
HCI obtained by. slowly dropping 100 g concen- 
trated H,SO, on 60 g NaCl moistened with ordi- 
nary water. The remainder of the procedure was 
the same, ordinary water being used for the 
NaOH solution. 

The CICN was prepared*® by the action of Cl. 
on KCN in the presence of Zn*t+*. In the case of 
CIC4N, 5 g of the same KCN as was used for the 
preparation of OC18S, and 5 g of ZnSQ,-7 H.O, 
were dissolved in 25 cc H,O, and through the 
solution cooled to 0°C was passed a slow stream 
of Cl, from’'a commercial cylinder. When the 
solution was saturated with Cle, it was slowly 
warmed to 40°, a very slow stream of Cl, being 
maintained, and the evolved CICN was passed 
over anhydrous CaCl, and collected in a U-tube 
cooled to —10°C with an ice-salt mixture. 

The ICN was prepared by the method of 
Comastri** as described in Chemical Abstracts. 

The BrCN was purchased from the Eastman 
Kodak Company. 


SUMMARY 


The microwave measurements described above 
allow determination of a number of molecular 
and nuclear quantities. Many of these are sum- 
marized in Tables VIII to XI. 

Although line widths may eventually give 
considerable information about intermolecular 
forces, half-widths have been investigated here 
primarily with a view to checking theoretical in- 
tensities and to provide some basis for estimation 
of line intensities in the microwave region. Line 
half-widths (total widths at half-maximum ab- 
sorption) are listed in Table VIII for a number 
of molecules. For the linear molecules there ap- 
pears to be a rough correlation between line - 


% See, e.g., A. Klemenc and G. Wagner, Zeits. f. anorg. 
allgem. Chemie 235, 427 (1938). 

36H. T. Comastri, Anales Asoc. Quim. Argentina 27, 45 
(1939); Chem. Abs. '33, 6743 (1939). 
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TaBLeE VIII. Measured half-width (total width at half- 
maximum intensity) of lines near 1 cm wave-length. 











Frequency Half-width 
Dipole moment in of line in at pressure 

Molecule debye units megacycles of 1 mm‘Hg 
ICI** approx. 0.65 27337 1142 
O16C12S32 0.72 24526 12+2 
Cl®C2N4 approx. 2.5 23885 50+8 
Br®iC2N4 2.94 24574 42+6 
I C2N" 3.41 25823 40+6 
N““H,;** 1.45 23870 59+2 
H.0*** 1.84 22235 14+3 








(gis) Townes, B. D. Wright, and F. R. Merritt, Phys. Rev. 73, 1334 
.- H. Townes, Phys. Rev. 70, oe (1946); B. Bleaney and R. P. 
Penrose, Proc. Roy. Soc. 189, 358 (19 47). 
#** C,H. Townes and F. R. Merritt, bhys. Rev. 70, 558 (1946). 


width and dipole moment of the molecule. The 
line widths for ammonia and water are included, 
however, to show that other types of molecules 


. show wide deviations from this behavior. The 


3,3-line of ammonia, which has a dipole of 
moderate size, displays the largest half-width, 
whereas water, with a somewhat larger dipole 
moment, produces a line in the microwave region 
with an exceptionally small half-width. Using the 
half-widths determined here, intensities of lines 
measured correspond within experimental error 
(about 20 percent) to the theoretical expectations. 

Molecular rotational constants for the mole- 
cules OCS, CICN, BrCN, and ICN are given in 
Table IX. The last column in this table gives a 
value of the /-type doubling constant g obtained 
from the theory of Nielsen and Shaffer.’ The 


TABLE IX. Molecular rotational constants. 


TOWNES, HOLDEN, AND MERRITT 








© 
result given in their paper as noted earlier® in- 
volved a numerical error of a factor of two, so 
that their theoretical value of gq is actually 
2B/w2.tt A distinct and consistent disagreement 
between the theoretical and experimental values 
of g are shown by the table. There appears to be 
remarkable uniformity in the values of a; and a, 
found for these molecules, which is somewhat sur- 
prising considering the dependence of the a’s on 
anharmonic force constants. 

Internuclear distances determined are listed in 
Table X. In several cases these distances are 
averages of the values obtained from various 
pairs of isotopes. Uncertainties in these distances 
as discussed above are primarily due to the effects 
of zero-point vibration, which are rather difficult 
to determine completely. An accuracy near 
0.001A rather than 0.01A in these distances could 
generally be obtained if the zero-point vibration 
effects could be determined. 

Various nuclear quadrupole coupling constants 
[eQ(d?V/dz?) or egQ] obtained from the present 
measurements are given in Table XI, as well as 
estimates of 0?V/dz? and Q derived from these 
values. The basis on which 0?V/d2? is obtained 
has been previously discussed.?” The quadrupole 
moment evaluated by this method for Cl** agrees 
reasonably well with the value —7.9+0.2 10-6 
cm? recently obtained from molecular- beam 
measurements on atomic chlorine.?* The quadru- 


(All quantities are expressed in megacycles.) 














q (l-type doubling Theoretical 

Molecule Bo a ae a3 constant) value of g 
O16C12S2 6081.480+0.005* 18.12 +-0.06*° —10.59+0.02 95.1 6.393+0.013 4.70 
01612538 6004.918+0.02 | 
OlCrS% 5932.843+0.01 — 10.37 +0.06 6.07 +0.06 
Ol6C18S 22 6061.923+-0.015 
OUCBS4 5911.730+0.03 
OlCUS32 6043.25 +0.25> —9.4 0.3% 6.7+40.1> 
OCS 5704.825+0.015 
CleC2N14 5970.820+0.02 —16.39+0.02 7.500+0.015 5.98 
C7C12N14 5847.260+0.02 
Cl8C8N14 5939.775+0.03 
C7C8N¥ 5814,705+0.03 - 
Br?C2N4 4120.190+-0.02 11.36+0.05 —11.49+0.02 3.912+0.02 3.07 
Br®iC2N4 4096.760+0.02 11.23+0.05 —11.49+0.02 3.845+0.02 
[27CLUNu 3225.527+0.02 9.3340.02 —9.501+0.01 2.688+0.01 2.16 








































* Be =6107.5. 
® C. H. Townes and S. Geschwind, Phys. Rev. 74, 626 (1948). 
b Arthur Roberts, Phys. Rev. 73, 1405 (1948). 

¢ Arthur Roberts, private communication. 


treatment. 
27°C, H. Townes, Phys. Rev. 71, 909 (1947). 


#8 L. Davis, B. T. Feld, C. W. Zabel, and J. R. Zacharias, Phys. Rev. 73, 525 (1948). 


tt Professor Nielsen has kindly confirmed by private communication that this is the correct result of his theoretical 
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TABLE X. Internuclear distances. These are effective 
distances in ground vibrational state, and error in each is 
probably less than 0.01A. The I—C distance in ICN is 
obtained by assuming 1.158 for the C—N distance; for 
other molecules both distances are determined by use of 
isotopic pairs of moments of inertia. 








Distance in 
angstroms 


1.161 
1.561 
1.629 
1.163 
1.790 
1.158 
1.995 


Molecule 





ICN 








pole moment given here for iodine is somewhat 
larger than the value —0.45+0.15 obtained from 
atomic spectra. A comparison of ‘the various 
quadrupole coupling constants obtained by 
microwave spectroscopy for N! in various mole- 
cules appears to give good evidence that the 
nitrogen bonds show considerable s— hybrid- 
ization, and it is on this basis that the value of 
0?V/dz2? is obtained from Table XI. Although 
nitrogen is not an atom heavy enough to provide 
a favorable case for the application of the atomic 
orbital approximation, it is believed that at least 
the sign and approximate magnitude of the ni- 
trogen quadrupole moment have been correctly 
obtained. Similarly, in the case of S**, the charac- 
ter of the C—S band is quite uncertain, but the 
sign .and approximate magnitude of the S* 
quadrupole moment given here should be correct. 
It is expected that evaluation of 0?V/dz* will be 
discussed more fully in a later paper. 

No quadrupole splitting was observed for the 
molecules O!8C?S2 or O!®C?S%4, and in these 
cases the upper limit to the value of the quadru- 
pole coupling constant which would have pro- 
duced a noticeable splitting is given in Table XI. 
Since both oxygen and sulfur in this molecule 
have an incomplete shell of penetrating electrons, 
the value of 0? V/dz? may be expected to be rather 
large, so that the failure to observe quadrupole 


TABLE XI. Quadrupole coupling constants 
and values of Q. 








Nuclear 
quadrupole 
moments 
Q in units 
10-* cm? 


~—0.05 


Quadrupole Atomic orbital 
coupling constant approximation 
[eqQ =e(0?V /dz2)Q] to d?V /dz* 
Nucleus in megacycles in e.s.u. 
S33 —28.5 +0.7* ~7 X104 
s* <i ~7 X104 
o1s ~3 X10 
Cis 5 3 17 X1015 
Cis? i 
Br79 
Br&l 
Nu 
Nw 
Nu 
ICN [127 


Molecule 





45 X1015 








* C, H. Townes and S. Geschwind, Phys. Rev. 74, 626 (1948). 
** Smith, Ring, Smith, and Gordy, Phys. Rev. 73, 633 (1948). 


splitting indicates that the nuclear quadrupole 
moments of O18, S*4 are very small. This is evi- 
dence that the spins of O!* and S* are zero, since 
spins of either 0 or 1/2 necessitate zero quadru- 
pole moments. If, for example, S** had a spin of 
one or two, a quadrupole coupling constant of 
approximately the same size as for the chlorine 
nuclei or for S** might be expected, instead of a 
coupling constant less than one-thirtieth as large. 
However, more measurements of quadrupole mo- 
ments and coupling constants must be made be- 
fore one can be sure that small values are unlikely 
even with spins greater than one-half. 

No interactions of the type cI- J due to coup- 
ling between the nuclear magnetic moment and 
a molecular field were observed, but interactions 
of this type as small as those reported by Nieren- 
berg and Ramsey” in the alkali halides may be 
present and undetected. 
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When a direct current bias is applied to a multicrystalline 
barium titanate ceramic, an alternating voltage can excite 
resonances in the ceramic. Four modes of motion have been 
excited—a longitudinal mode at right angles to the applied 
field, a radial mode of a circular plate at right angles to the 
applied field, a thickness longitudinal mode, and a thickness 
shear mode. The first three are excited when the a.c. field 
is applied in the same direction as the d.c. polarization, but 


’ the fourth is excited when the a.c. field is at right angles 


to the d.c. polarization. The amount of motion is larger 
than in magnetostrictive materials, and it appears that 
barium titanate may be an important electromechanical 
transducing element. | 

All of these modes can be accounted for on the basis of 
a second-order electrostrictive effect. Two electrostrictive 
constants are involved and these have been evaluated as 


Que = — 2.15 X 10-(cm‘/(statcoulombs)*); 
Qu = +6.9 X 10—2(cm*/(statcoulombs)?). 


Using these constants, the measured electromechanical 
coupling factors for the four modes are evaluated, and 
these compare well with the calculated values. 


A theoretical explanation of this effect is given which 
depends on the fact that when a given domain becomes 
ferro-electric it loses its cubic structure and becomes tetra- 
gonal. In this process it expands one percent along the 
tetragonal axis and contracts one-half percent along the 
other two axes. In the ceramic piece all directions for the 
tetragonal axis are equally probable, but an applied field 
can cause the domains in the direction of the field to grow 
at the expense of domains perpendicular to the field. This 
growth is accompanied by an increase in the thickness of 
the crystal and a decrease in radial dimensions. The 
measured ratio of 3 to 1, compared to the 2 to 1 ratio ob- 
served by x-rays for a single crystal, is accounted for by 
the nature of the ceramic material which does not join up 
for all grains. This does not prevent the ceramic from 
increasing in thickness but does cut down the radial con- 
traction. 

Experimental measurements of the _ electrostrictive 
effect are given, and it is shown that the displacement is 
proportional to the square or products of the electric dis- 
placements in the ceramic. 





I. INTRODUCTION 


— an electric field or electric displace- 
ment is applied or generated in a solid 
dielectric, a change in shape occurs which is 
proportional to the square of the voltage or 
electrical displacement. Electrostrictive effects 
are usually very feeble compared to first-order 
piezoelectric effects that occur in many crystal- 
line materials. However, in the case of the 
ferro-electric materials rochelle salt and barium 
titanate, electrostrictive effects+? may be quite 


1In the present paper, a strain that is proportional to 
the square or product of two fields or electric displacements 
is called an electrostrictive strain. This is contrary in some 
cases to a usage started by Mueller, who calls the square 
term a “quadratic piezoelectric effect’? when it depends on 
a strain caused by a spontaneous polarization or an applied 
field acting on a piezoelectric constant. On this definition 
the strain in rochelle salt that is proportional to the square 
of the electric displacement would be a ‘quadratic piezo- 
electric effect’’ because it depends on the orthorhombic 
crystal becoming monoclinic in the ferro-electric region and 
generating new piezoelectric constants which give a strain 
proportional to the spontaneous polarization times the 
applied electric displacement. The electrostrictive effect in 
barium titanate is not of this type (see reference 2) and is 
in every way the analog of a magnetostrictive effect in a 
ferromagnetic material. 

2W. P. Mason, Phys, Rev. 73, 1398 (1948). 


large and are of considerable interest. The 
thickness expansion is about as large as can be 
obtained by the direct piezoelectric effect in 
rochelle salt and is somewhat larger than can be 
obtained with magnetostrictive materials. Fur- 
thermore, the variations of the properties of 
barium titanate with temperature are not nearly 
as large as for rochelle salt. Hence such materials 
may be of use for various types of transducers. 
If the alternating variations are small compared 
to the d.c. polarization, a remanent polarization 
is sufficient to keep the device operative. How- 
ever, for the largest displacements or voltages, 
the remanent polarization may become dis- 
charged and it is necessary to put on a steady 
d.c. biasing voltage to make the device operative. 


II. METHODS FOR MEASURING THE FUNDA- 
MENTAL CONSTANTS 


When a constant voltage bias is applied to a 
multicrystalline barium titanate ceramic, an 
alternating voltage can excite resonances in the 
ceramic. There are four effects that have been 
measured. These are a radial vibration of a disk 
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of the material,* a length vibration of a bar cut 
from such a disk, a thickness vibration in the 
direction of the applied field,* and a thickness 
shear mode.® The first three motions are excited 
when the d.c. field is applied in the same direc- 
tion as the a.c. field, while the fourth is excited 
when the d.c. polarization is at right angles to 
the a.c. field. Since, if there are two sets of plates 
at right angles to each other, the a.c. field cannot 
be made uniform through its direction of 
application, this mode has to be excited by 
exciting a remanent polarization by the d.c. 
field and then taking off the plating in this 
direction. In fact for all of these modes the d.c. 
biasing voltage can be applied and then taken off 
and the device will still operate by means of the 
remanent polarization. 

A typical method for measuring such reso- 
nances is shown by Fig. 1. Here a source of high 
voltage, such as a high voltage transformer and 
rectifying tube, with the output connected 
through high resistances, is put directly on the 
ceramic piece, while the a.c. voltage is applied 
through two 4-microfarad condensers in series. 
At the resonant frequencies of the ceramic, which 
are usually above 100 kilocycles, the impedances 
of the condensers are less than 1 ohm while the 
shunt impedance of the high voltage source 
being 10 megohms is much higher than the im- 
pedance of the ceramic. Hence by this method 
one obtains a measure of the electrical im- 
pedance of the ceramic and can determine the 
effect of putting a high electrical bias on it. 

If one measures the impedance of a freshly 
made ceramic on which no electrical bias has 
been placed, the impedance is that of a con- 
denser and no resonances can be excited. How- 
ever, if one puts a bias of 30,000 volts per cen- 
timeter on the ceramic disk of the material, for 
example, having the dimensions 


thickness ¢=0.025 cm, (1) 


Fig. 2 shows a measurement of the resonant and 
antiresonant frequencies as a function of the 
applied voltage, as the voltage bias is decreased 
to —30,000 volts per cm. Upon reversing the 


radius a=2.5 cm; 


’ Shepard Roberts, Phys. Rev. 71, 890-895 (1947). 

4W. P. Mason, Phys. Rev. 72, 869 (1947). 

5W. L. Cherry, Jr. and Robert Adler, Phys. Rev. 72, 
981 (1947). 
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Fic. 1. Measuring circuit for studying resonances and 
electromechanical coupling factors in barium titanate 
ceramics. 


direction of the bias the ascending curves shown 
are obtained. It is obvious that we are dealing 
with a hysteretic material for which the previous 
history determines the response. Since the elec- 
tric displacement follows a similar hysteresis 
curve when plotted against the voltage, it is 
obvious that the response is determined by the 
electric displacement rather than the electric 
field. When the field is reduced to zero a polariza- 
tion remains and this determines the resonant 
and antiresonant frequencies of the material. 
From the data of Fig. 2 and the measured 
dielectric constant shown by Fig. 3, one can 
calculate the electromechanical coupling (which 
determines the percentage of energy stored in 
mechanical form to the total input electrical 
energy), the electrostrictive constant, and the 
value of the elastic constant controlling the 
radial vibrations. The method for deriving the 
fundamental elastic, electrostrictive, and electro- 
mechanical coupling constants for radial vibra- 
tions is discussed in the appendix. It is shown 
that the resonant frequency for a material having 
a Poisson’s ratio 0.27, which is near that for 
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Fic. 2, Resonant and antiresonant frequencies as a 
function of the biasing voltage for a disk 5 centimeters in 
diameter. : 
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_by Fig. 5. Actual d.c. measurements with a 
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Fic. 3. Dielectric constant at room temperature as a func- 
tion of the biasing voltage. 


barium titanate, is given by the equation 


are rar : ” 


where a is the radius, Yo=Young’s modulus, 
p=density, and o-Poisson’s ratio. In the disk 
whose data are given by Fig. 2,a=2.5cm, p=5.5, 
and o=0.27. Hence the value of Young’s 
modulus for zero biasing field is 1.1210” 
dyne/cm*®. The value of Young’s modulus is 
increased slightly with bias, being 1.1810" at 
30,000 volts per centimeter. 

It is shown in the appendix that the electro- 
mechanical coupling factor k is determined in 
terms of the separation of resonance and anti- 
resonance frequency, Af, the resonant frequency 
fr, the first root R, of the frequency determining 
equation, i.e., Ri=2.03, and the value of Pois- 
son’s ratio by the equation 


Aff Ri2— (1-0) 
eal 


2=— 
Sr 1+o 


For o=0.27, the value of the factor multiplying 
Af/fr is equal to 2.51. Hence from the data of 
Fig. 2, the electromechanical coupling factor can 
be calculated and is shown plotted by Fig. 4. It 
follows a regular hysteresis loop, indicating that 
the remanent polarization is annulled when the 
voltage gradient is about 7500 volts per cm 
negative. For a smaller initial polarizing field, 
the coercive field is less. 

These results indicate that for an applied d.c. 
voltage, since the strain is proportional to the 
square of the electric displacement, if we plot 
it against the field, the characteristic butterfly 
loop of a hysteretic material will result as shown 





(3) 
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bimorph unit with the field applied to only one 
side give values which follow this type of curve 
very well. The calculated constant comes very 
close to that measured by a.c. measurements as 
discussed in the next section. 

Similar a.c. measurements have been made for 
the thickness longitudinal mode, the thickness 
shear mode, and the longitudinal length mode, 
and the coupling factors are shown plotted by 
Fig. 4. The frequency constant for the longi- 
tudinal thickness mode for a zero bias is 2550 
kilocycle-millimeters. From this one obtains the 
elastic constant from the formula 


f= (1/2t)[(A+2u)/p}} (4) 
as 
(A+ 2y) = 1.42 X 10” dynes/cm?. (5) 
This and the value of Young’s modulus 


Yo=1.13 X10" dynes/cm? 
=m(3A+2u)/(A+mu) (6) 


allow one to solve for the two Lame’ elastic con- 
stants. These are 


\=5.2X10" dynes/cm?; (7) 
u=4.5 X10" dynes/cm?, 


and from these the values of Poisson’s ratio is 
o=)/2(A+yn) =0.27 (8) 


as quoted above.  - 

To obtain the thickness shear mode, one has 
to polarize the ceramic in one direction and then 
remove the plating. An a.c. field perpendicular 
to this will generate a thickness shear mode with 
a coupling shown by the single point of Fig. 4. 
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Fic. 4. Electromechanical coupling factors for four 
modes of motion. 
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Ill. PHENOMENOLOGICAL THEORY OF ELECTRO- 
STRICTIVE EFFECT IN BARIUM TITANATE 
CERAMICS 


Since in a barium titanate ceramic any crystal 
symmetry is lost by the distribution of crystal 
axes in all directions, any first-order piezoelectric 
effects are annulled and all the modes of motion 
must be due to second-order electrostrictive 
effects. In the experiments of Section II it was 
shown that the electromechanical coupling was 
determined by the electric displacement rather 
than the electric field, so that we take as the 
independent variable the stresses and the electric 
displacements. All the measurements were made 
under adiabatic conditions so that all constants 
can be considered as adiabatic. 

In terms of a tensor notation the internal 
energy residing in the body can be expressed in 
the form 


dDn 1, j= i, 2, 3 
dU=T4dSi3+En—+ Tas, (9) 
4a m=1, 2,3 


where 7;; are the six stress components, S;; the 
six strain components, E,, the fields, and D,, the 
electric displacements, T the absolute tempera- 
ture, and S the entropy. The strain components 
are defined in the usual tensor form 


OX; Ox; 





1 (“ Ou; 


where u; are the displacements along the x; axes. 
In order to avoid using the factor 1/47, we made 
the substitution 


5m = Dm/4r. (11) 


5, is then measured in statcoulombs per square 
centimeter. 

For the present purpose, since we are going to 
take T;;, 5m, and S as the fundamental variables, 
we introduce a potential Hi, called the elastic 
enthalpy, defined by the equation 


A, = U—SyT yy. (12) 
Hence 
dH, = — SijdT 3+ Emdin+TdS, (13) 


and 


Sz= —0H,/dT;;; Em=0H,/05m; 
T =0H,/dS. 


(14) 
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Fic. 5. Strain field relations. 


Since for adiabatic conditions S does not vary, 
the dependent variables of interest, S;; and En, 
can be written in the form 


Sii(Tet, bn); Em( Tet, 6n). (15) 


Expanding these functions about the position 
of zero strain and zero electric field, we have up 
to second-order terms 











0Si; 0Si; 1 07S i 
Sy= dT ut abt | Tal 
aTu a8, 2 aT a0T 
Si; #S:; 
4 dT ydn+ do,as,|+ on 
K1068n nUVo 
OEn OEn if o£, 
Eq = "aT nt — db | —— "dT 
aT x1 bn 2'LaT WOT or 
En En 
+2 dT idd,+——~ dina, | + oS Oe (16) 
OT 41:06, 06,05. 


For the present purpose some of these partial 
derivates can be set equal to zero. Since there is 
no direct piezoelectric effect on account of the 
uniform distribution of the crystals in all direc- 
tions 


aS ay ®H, dEn 
a———n@ (47) 
aTytt, aT y 


O6n 06,0T 4; 











Furthermore the ceramic can be described as 
soft electrically but not mechanically. Hence not 
much change in the elastic constants with stress 
will occur and 0?S;;/07;.0T,,-=0. There is a 
slight change of elastic constants with electric 
displacement as shown by Fig. 2, but it is small 
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TABLE I. Terms not ruled out by symmetry in the isotropic case. 
62 6162 6261 5163 62? 6361 5253 5362 63? 
Siu Qu 0 0 0 Qiize 0 0 0 Qiize 
Siz 0 Qiuu—Qiire = Qarti— Qurze 0 0 0 0 0 0 
Sa 0 Quu—Qi2e Qi —Qiiee 0 0 0 0 0 0 
Sis 0 0 0 Qi — Qiiee 0 Qitsi — Qiiee 0 0 0 
Soo Quize 0 0 0 Qi 0 0 0 Qiize 
S31 0 0 0 Qii11 — Qirze 0 Qi — Quizz 0 0 0 
Ses 0 0 0 0 0 0 Qi1i1 — Qiize Q1111 — Qriee 0 
S32 0 0 0 0 0 0 Qiur—Qirzze Qatar — Quizz 0 
Sss Quizz 0 0 0 Qiize 0 0 0 11 
and is neglected here. Hence we can set at constant stress. For the most general case 
there are 21 components of s?;;: and 6 of the 
#S;; eH, aH, impermeability constants. For the isotropic case 
= gleaming considered here, symmetry conditions insure that 
97195 OT 19 5n9T sj OF ght th. there are only two elastic compliances and one 
aE dielectric impermeability. For the most general 
niente (18) case there are 36 components of the electro- 
OT ;0Ti: strictive tensor Q;; no and 27 for the correction 


This leaves only three second-order partial 
derivatives, two of which are related, and these 
we designate as 

aS; eH, eH, 

5,08 88n0809Tz3 IT y8On05. 








FE 20 
= aT 0 bn ij noy 


(19) 





En 
06,050 





=Umno- 


The two remaining first-order derivatives of 
Eq. (16) determine the elastic compliances and 


dielectric impermeabilities according to the. 


equations 








= S? ssi ; 


(20) 


=Br mn; 


where s?;;4; are the elastic compliance constants 
measured at constant electric displacement and 
Bl mn are the dielectric ‘“‘impermeability’’ con- 
stants (inverse of dielectric constants) measured 


Omno to the dielectric constant. For the isotropic 
condition, the off diagonal term of the type 


07811 07 S20 
and Qeoo11 = 
2 1 





(21) 





1122 > 


are obviously equal since the expansion along x, 
for an electric field along x2 is equal to an ex- 
pansion along x2 for a field along x:. Hence the 
tensor is symmetrical and has the same number 
of components as the fourth rank elastic com- 
pliance tensor s?;;:. For the isotropic case sym- 
metry rules out all terms except those shown by 
Table I.. The terms on the left are the strains 
generated by the products of the electric dis- 
placements shown by the top column. Since 
Sij=S;; and 6,6;=6;6;, three columns and three 
rows are redundant. The fourth rank tensor for 
the elastic compliances will have the same terms 
with Qi111 replaced by S111: and Q1122 replaced by 
$1122. For the top variable line 6,? is replaced by 
Ti, 5162 by T 12, etc. 

To simplify the method of writing these 
equations, the usual one-index matrix symbols 
are used for the stresses and strains and the 
usual two-index compliance, electrostrictive, and 
impermeability constants are used; the electro- 
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strictive equations become 
S1=S11?T1 +512? (T2+Ts) +Q1151?+ Qisl 62? + 53? ] 
So=S12? [Ti+ T3]+51:°T2+Q1152? + Qis[ 51? + 53? ] 
S3=S12?[T1+T2]+512T3+Q1162+Qisl 62+ 527] 


Se 


es (Six? — $12?) To + (Qi — Qi) 6152 


Ss ; 
— (Six? — $12?) Ts + (Qi1— Qiz) 6183 


Sa 
S23 — ($11? — 512?) Ts + (Q11 — Qiz) 5283 


E,= 6:[4B8117 +0181] — 20Q11 [6171+ 627 6+ 537s ]+Qiol 61(T2+ Ts) — (Ted2+ Tbs) J] 
E2= 62[ 428117 + 01162 ]—2[Qii[ 6272+ 617 6+ 537 4 ]+Qrel 52(T1 +73) — (61:76 +6374) |] 
E3=63[496117 + 01163 ]—2[Qu[6sT3+ 6175+ 6274 J+ Orel 3(Ti+ T2) — (6175+ 62T,) |] 


In this equation an extra term Oy, has been 
added to represent the decrease in dielectric con- 
stant with applied field, which as shown by Fig. 3 
is considerable.* Over a temperature range, the 
complex dielectric constant varies’ as shown by 
Fig. 6. The equations for the various modes can 
be derived from Eqs. (22). 

The simplest mode to consider is a longitudinal 
mode for a long thin bar generated by a field 
perpendicular to the length. If we take the 
thickness as lying ‘along z while the length is 
along x, the equations reduce to 


S1=519T1+Q1253"; 


E3=63[ 428117 +O1163 | —2Q125371. (a3) 


For the case of interest here 63 consists of a part 
39 due to an applied field or a remanent polariza- 
tion plus an alternating component due to an 
applied a.c. voltage. As far as the alternating 
components go we can write these two equations 
as 


Si =S5iy?Ti+ Q12[ 253053 | “? 


Es= 53[49B117 + 011630 ]— 2Q126307 1. (28) 


To reduce this equation to the standard form® 


6 This measurement was made by Gordon Danielson of 
the Bell Telephone Laboratories. 

7A. Von Hippel, R. G. Breckinridge, F. G. Chesley, and 
Lazlo Tisza, Ind. Eng. Chem. 38, 1097 (1946). 
as by for example, W. P. Mason, Phys. Rev. 70, 705 





used in solving piezoelectric crystals, we have to 
express the stress T in terms of the strain S; and 
field E3. By eliminating 63; the alternating part 
of the electric displacement from the last 
equation and substituting in the first part of 
Eqs. (24) we have 


Si 2Q12630E3 


Su” (498117 + O11630) 5117 ; 





(25) 
E; 2Q12630S1 
63= + ’ 
4mB11514+011639 9 S11? [4B 115'+011639 } 
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Fic. 6. Dielectric constant for zero bias as a function of the 
temperature. 




















1140 
where 
40) 12763, 

Si? = 51;"[1—k?] where k? = ; 

[42Bi1? + 011639 |s11” 

40107630? 
4mB11"!+ 011639 = 428117 + 011639 -——_ 
Si 


= (4811? + 011839) (1 —F?). 


Substituting the last relation in the last of Eqs. 
(25), the two equations become 


Si 20 12630E3 
$i” (448117 +011630)si7_ 
EB; 201263091 


63 = + ° 
4mBu™+ 011639 Su®[4rBu? + 011639 | 








(26) 


These have the same form as the piezoelectric 
equations (37) of reference (8), and hence the 
same considerations exist if we set the equivalent 
piezoelectric constant equal to 


2012639 


31 = ‘ (27) 
4rB117 +0163 





This can be evaluated as in the piezoelectric case 
by measuring the resonant and antiresonant 
frequencies of the device, the dielectric constant, 
and the density. The coupling is given by Eq. 
(50) of reference (8). 











mr Af (4—7) A 
eit “| (28) 
4 fr 4 fr 
while the piezoelectric constant is given by 
Blasts 2012630 -#( $117 }. 
AmBi17 + 011639 47B117 +011639 
or 


k 
Qiao (sr ABs? + Orsd00))?. (29) 


30 


Measurements have been made for the coupling 
of a long thin bar as a function of the applied 
voltage, and the results are shown by Fig. 4. The 
frequency constant for such a bar is 2.28105 
kc cm. With a density of 5.5 this corresponds to a 
compliance constant (inverse of Young’s modu- 
lus) of 0.8810-%. The dielectric-constant as a 
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function of voltage is given in Fig. 3. Hence one 
can calculate the value of Q12, and the value is 
approximately 


Qio= —2.15 X10-*” in c.g.s. units. 


The negative sign is obtained from expansion 
measurements which show that the bar contracts 
in length when a voltage is applied normal to the 


- length. 


The same constant Qj. drives the radial mode 
of a disk,*but since this requires a transformation 
to cylindrical coordinates, the equations are dis- 
cussed in the appendix. It is there shown that 
the coupling is (2/(1—¢))} times as large as that 
for the longitudinal mode. This agrees well with 
the experimental curve of Fig. 4. 

The coupling for the thickness mode is also 
shown by Fig. 4. The effective piezoelectric con- 
stant for a thickness mode can be evaluated from 
Eq. (22) by setting S;=S:=0, since no sidewise 
motion occurs, and solving for 73 and 63 in terms 
of S; and £3. The resulting equations are 


T3= S311" 
2630. Qu — (2si2?/su? F512?) Qia Jer 
AmB? + 011639 
E; 
63= e 
4mB1153+ 011630 
 2eu*LQu _ (2512? /s1x? +512?) Q12]830S3 
[4rBu?+ 011630 | 





35 


(30) 








where 


C1? 


61% = ; 
1 —k? 
is 463?[ Qu— (2512? Q12/S11? +512”) Pers? 


4nrBut+ 011639 








and 
4B 1153+ 011639 = (4m By17 + 011630) (1 —k?). 


Hence the equivalent piezoelectric constant for 
this case is 


2[Q11— (2512? /S1v? +512?) Q12 |630 
4nBiur? +011630 


(31) 





d33' — 


From the coupling measurements of Fig. 4 one 
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finds that 
2s 12? 


———_01: =5.3 x 10-2, 
$12? +519? 


Qu- (32) 


Since $3; and 512 are given in terms of the c elastic 
constants by 


A+u 


Cutie 





$11= 


C1u(C1r+Ciz) —2¢12”_— w(3A+2y) 


(33) 


—C12 —X 


€11(€11 +12) —2¢12° 2u(3A+2u) 





512>= 


we have from the Lamé elastic constants of Eq. 
(7) 


511=0.88X10-"; = sy2= —0.236X10-". (34) 


Hence the value of Q1; becomes 


Qu=+6.9X10-" (35) 


which is of opposite sign and about 3 times as 
large as Quo. 

The fourth mode of motion that can be gener- 
ated in a rectangular bar is the thickness shear 
mode which occurs when the alternating voltage 
is applied at right angles to the d.c. electric dis- 
placement. This mode was tested by taking a bar 
5 cm long, 0.5 cm wide, and 0.25 cm thick, ap- 
plying a voltage of 30,000 volts per cm and 
using the remanent polarization generated for 
this case. Since it is difficult to establish an 
electric displacement along the 0.5-cm direction 
with plates normal to the large faces, these were 
dissolved off and the a.c. field applied along the 
width (0.5-cm direction). The frequency of the 
measured resonance was 566 kilocycles, which 
agrees well with the shear elastic constant of Eq. 
(7). The coupling for the shear mode is higher 
than that for the thickness longitudinal mode. 
This is what one expects from Eqs. (22), sixth 
equation, from which one obtains the equation 
for a shear mode 


2 a 12) O3ou” 
(Q Qs2) daquF 


T= Sip? — 
4rBu7 + 011539 





(36) 
E2 _2(Qu- Qi) sim 


be = 
4mBi15+011639 948117 + On1530 





4y 


where 
C11” — C12" C11? — C12? 
“= -( )a-»: 
2 2 


‘“ 4(Q11— Qi2)*630u" 
4nrBut+ 011630 








Inserting the values given previously for Qi, 
Qe, wu, and 639 (i.e., a remanent polarization equal 
to 0.85 times that for a 30,000-volt/cm field), one 
obtains a coupling of 48 percent which agrees 
well with experiment. Hence the phenomeno- 
logical theory accounts quantitatively for all the 
modes of motion observed, and allows one to 
measure the electrostrictive, elastic, and dielectric 
constants pertaining to the ceramic. 


IV. THEORETICAL EXPLANATION OF EFFECT 


The ratio of about 2 to 1 between the thickness 
effect, and the fact that the radial effect is a con- 
traction, allows one to obtain a mechanism for 
this effect. Barium titanate above 120°C has a 
cubic structure, having the form shown by Fig. 7. 
Here eight barium atoms form the corners of the 
cube. Since each barium atom is shared between 
eight adjacent cells, this gives a total of one 
barium atom per cell. Six oxygen atoms occupy 
the face-centered position on the six sides, and 


‘since each is shared between two adjacent cells, 


this represents a total of three oxygen atoms per 
cell. Since the titanium atom is much smaller 
than the other atoms, it is relatively free to move 
between them. 

As the temperature is lowéred below 120°C, 
the titanium atom moves from the center to one 
of the six positions near the six oxygen atoms. 
Since the cell was neutral when the titanium was 
in the center, a dipole moment is introduced by 
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UNIT CELL FOR BARIUM TITANATE ABOVE 120°C 


Fic. 7. Unit cell for barium titanate above 120°C. 





























SS 


ere reernnnet 






















Ww. 





an 


DATA ON UNIT CELL AXES OF BARIUM TITANATE AS A 
FUNCTION OF TEMPERATURE (DATA FROM H.D. MEGAW) 


TETRAGONAL PHASE 


UNIT CELL DIMENSIONS IN ANGSTROM UNITS 





TEMPERATURE IN DEGREES CENTIGRADE 


Fic. 8. Unit cell dimensions as a function of the 
temperature. 


the motion of the titanium and the cell acquires 
a permanent dipole; the domain in which the 
cell is situated becomes ferro-electric. 

When the crystal becomes ferro-electric, the 
cubic form is lost and the crystal becomes tetra- 
gonal with the axis in the direction of the tita- 
nium motion 1 percent longer than the other two 
axes. Figure 8 shows the cell dimensions as a 
function of temperature, as determined by Miss 
McGaw.® Along the ferro-electric axis the cell 
dimension increases from 4.0A to 4.026A, at 
room temperature, while the other two axes 
decrease from 4.0A to 3.86A. The total volume 
of the unit cell remains unchanged for the 
crystal, but the axial ratio has changed to 1.01. 

For a polycrystalline material the dominant 
mechanism for producing the electrostrictive 
effect is the following. As the ceramic material is 
prepared, all domains (which can exist below 
120°C) are equally distributed in all directions 
and no residual polarization can occur. The effect 


of a large d.c. field is to change the direction of ' 


polarity so that more domains are lined up in 
the direction of the field rather than in other 
directions. This change in the direction of a 
domain occurs not by physically changing the 
orientation but rather in changing the direction 
of the ferro-electric axis from one of the six 
oxygens to another of the six. When the field is 


ion D. McGaw, Proc. Roy. Soc. 189, 261-283 (April, 
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taken off, the local field caused by the lining up 
of the domains remains and is sufficient to keep 
a large share of the domains lined up. Now when 
domains are lined up in the direction of the field, 
the plate expands in this direction by 3? percent 
times the percentage of domains whose direction 
of polarization is changed. At the same time the 
radial dimensions contract. For the crystal, x-ray 
measurements show that the sidewise contrac- 
tion is half as much as the thickness expansion. 
However, for the ceramic, since —Q2/Qiu 
=2.15/6.9=0.31, the amount of sidewise con- 
traction is less and a volume electrostrictive 
effect exists. This is probably due to the fact 
that the crystal domains are not bonded at all 
points, and a contraction of domains can occur 
without causing a corresponding contraction in 
the body, whereas an expansion along the c axis 
carries the material with it whether it is bonded 
at all points or not. The two effects—the thickness 
effect and the radial effect—are both of a con- 
siderable magnitude. 

When a small a.c. field is applied in the 
presence of a d.c. field or remanent polarization, 
the following process probably occurs. The a.c. 
field in itself is too small to reverse any complete 
domain, but it can cause molecules on the 
common planes of differently directed domains to 
change from one domain to another and hence 
cause one domain to grow at the expense of 
other domains. If the a.c. field is opposed to the 
d.c. field, some molecules of the domains directed 
along the thickness. will be lost to other domains 
directed in different directions and the crystal 
will become thinner. When the a.c. field is added 
to the d.c. field, these molecules and more too 
will be directed in the direction of the field and 
the plate becomes thicker. Since the change in 
molecule direction will, in general, lag the applied 
field, a large dielectric hysteresis occurs just as 
for rochelle salt, and the mechanical resonances 
have a poor Q. The radial vibration is accounted 
for by the contraction of the domains in direc- 
tions perpendicular to the ferro-electric axis, and 
this process should generate a radial motion 
about half as large as the thickness motion, 
which agrees with experiment. 

The value of the total increase in thickness, 
about 5 to 7 parts in 10‘ for 30,000 volts per cm 
applied gives a method for estimating the 
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number of domains lined up by the d.c. field. 
Since the plate could expand by ? percent if all 
the domains were lined up, the percent lined up is 


5 to 7X10~4 
6.6 10-* 





=7.6 to 10.6 percent (37) 


over the average value for an isotropic condition. 


APPENDIX 


Equation for an Electrostrictive Material in 
Cylindrical Coordinates 


To obtain the equations of motion for a 
cylindrical plate, Eqs. (22) for rectangular co- 
ordinates have to be transformed to cylindrical 
coordinates. In cylindrical coordinates the vari- 
ables are the radius vector 7, the angle @, and the 
dimension along the cylinder designated by z. In 
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terms of the x, y, 2 rectangular coordinates 
r=x?+y?; (38) 


The direction cosines between the 7, 6, and z 
directions and the x, y, and z directions are then 


tand=y/x; zs=2. 


x > 3 


r| cos@ sind 0 
6|—sin@ cosé 0 
z| O 0 1 





(39) 


Making use of the formula for the transformation 
of a tensor from one coordinate system to another, 
OXa OXd 


eee | 
OX, OX, 


re es (40) 
letting a, b refer to r, 6, and z and noting that 
0x_/0x, are the direction cosines of Eq. (39), the 
stress tensor becomes in cylindrical coordinates 





T +r =cos?6 Ti1+2 sin@ cosé T12+sin?6 T 22, 

Tee =sin?6 T,;;—2 sin@ cos@ T32-+cos?6 T 2, 
T»=sin@ cosé [T22— 711 |+[cos?é—sin?@ |T 12, 
Ses =cosé Tis+ sin@ T23, 

Toe= —sind Ti13+cosé T 23, 


22— T33. 


The strain tensor transforms in a similar manner. 
Conversely, the rectangular stress and strain components are related to the cylindrical components 


by equations of the type 
OX; OX; 


Si = Seb) (42) 


OX OX» 
and 
S11:=co0s?6 S,,-—2 sin@ cosé S,.+sin?6 Soe, 
Soo=sin?6 S,-+2 sin@ cosé S,+cos?6 See, 
S33 _ Sans 
Si2=sin@ cosé (.S;,— See) + (cos?é — sin?6) Sye, 
Si3=cosé S,z—sin8 Sez, 
So3=sind S,.+cosd So. 


In solving the equations of motion it is necessary to know the values of the strains in terms of the 
displacements in the r, 6, and z directions. Denoting these by 


(43) 


Ur, Ue, and tz, (44) 


Love’® has shown that the strain components are given by 


10ug UU, 


CS Se 


Ou; Ou, 
Srr= ’ ? 22— 

or ro0o6 fr 02 

Oug Usp 10Uu, Ou, OU; 1d0u, Ou, 
S-=——_—+- ; r= . =— 


62 = sa eal 
or r yr 00 02 «Or r 06 02 
10 Love, Theory of Elasticity (Cambridge University Press, London, 1934), fourth edition, p. 56. 
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The other necessary equations are the Newton’s law equations transformed into cylindrical coor- 
dinates. From Love's!" Theory of Elasticity, these are 
OT +r 1 OT +6 | Trr— To 
pu, = +— + + ( ) ’ 
or yr 00 02 
OT +9 1 OT 49 OT 5. 2T +6 
pig = _~ a + ; 
or -r 00 0z r 


OT 2 10T», OT 22 is 
pu,= pee + + : 





r 








or r 00 0z 4 


These equations give enough relations to solve the case of the electrostrictive disk of barium 
titanate in radial vibration. Equations (22) give the electrostrictive and elastic equations in rec- 
tangular coordinates. Transferring these to cylindrical coordinates by means of the tensor relations 
of Eqs. (41) and (43), we find 


Sor = $1? T+ S12? (Toe+ Tz) +Q116°-+ Orel 5e?+ 6." |, 
Soo = $12? [Tr + Tz J+ 511? T 00+ Q12( 62+ 627) + O1166", 
See = 511? T 2+ S12? Tet To J+Q116.2+ Qf 62+ de? |, 
Srz= (Sir? — 512”) Test (Q11— Qiz) 5752, 
Sy = (Sir? — 512?) Tro + (Qiu a Qe) 5,60, 
Sez = (Sir? — $12”) Toe t+ (Q1r — Q12) 5062, 


where 6,, 59, 6, are the electric displacements divided by 47 for the r, 6, and z directions. The electric 
relations become 


E, = 6,[ 47 Bu? + 0115; | a 2(Q11(6-T r+ 5eZ e+ aT a) + Qr2[ 6-(T¢e+ con as (deZ re+ 5.7 +2) |]; 
Eo _ be 428117 + 01160 |— 2[.Q11(60T 6+ 6,2 e+ 5.7 62) + Qr12[ 66(Trr+ Tw) aie (6,T r+ 6.72) |], 
E, = 6,[47B117 +0116, | = 2(Q11(6.T 22+ 5-Det 5oT 62) + Ore[ 62(T r+ T 0) at (6D r+ eT 02) | |. 


For the radially vibrating disk 


(48) 


ug =0, (49) 
and we have also 


To. =T=0. (50) 





To insert in the equation of motion (46) we need 
to have the stresses expressed in terms of the 


We assume that the thickness along z is very 
small compared to the wave-length. Since the 


stresses on the surface are zero and the thickness 
very small, we can set 


T.22=T,2=0. (51) 


These are the same assumptions as those made 
for a longitudinal long thin bar discussed in 
Eqs. (23) to (29) and hence the results are com- 
parable. Since a field is applied only along the z 
direction, 6-=69=0. The remaining equations 
then become 


Ser = S11? Tet $12? Tee + Q126,’, 
Soo = $12? Tr +511? Toe + Q1262", 
E, = 6,[ 496117 + 0116; | i 201262 Tir + Too |. 


11 See reference 10, p. 90. 


(52) 


strains, and for the electrical boundary condi- 
tions it is better to use the fields rather than the 
electric displacements. Furthermore, for small 
alternating fields superposed on a large d.c. 
electric displacement, which may be caused by 
an applied field or a remanent polarization, we 
can replace 6, by 


6,= dzo+ 6,e7¢*, (53) 


where 629 is the steady electric displacement if a 
field is applied or the remanent polarization Po 
if the field is taken off. Then solving these three 
equations simultaneously, the alternating com- 
ponents of stress, strain, and displacement are 
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given by the equations 





| S19 a 20 12620E, 
a ee ee See— ’ 
L Sar — S19" J (428117 + On 820) (S1r® +512) 

rT Sig ls 20 12620E, 
L541? —S1oF" L $412? —$19”" “ (4mrBi17 +0520) (Six® +512") 

E. " 2012620 
4nBi17+On520 4mB117 + O:1520 
$1? S12? 401075207 
$y4%= > Sie =——__—__ 


’ > k; = ‘ 
1—k? $11? , (428117 + O1620) 511% 


Pee a 


ae = 





T= 














[Trt Too], 








S12 


k, is the electromechanical coupling factor for a longitudinal mode given by Eq. (25). We note that 
since 1/51; = Yo¥, the Young’s modulus, and —sj2.¥/s;;¥=o, the Poisson ratio, that the first two 
equations of (54) can be simplified to 


20126202 Yo" 
(408117 +On620)(1—o) 

2Qr2de0E.YoR 
(408117 +Or520)(1—o) 


Now noting that since the plating on the surface is an equipotential surface, E, is not a function of r, 
then when Eggs. (55) are inserted in the equation of motion, (46), and the relations for a radial motion 
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are used, the equation of motion becomes 


Y,% [= 1 Ou, 


1—o°L Or? + Or 


The last term results for simple harmonic motion. 
Since this is a Bessel’s equation of the first order, a solution is 


wr Y,* 
-47,(~), where v=————. (58) 
v (1—07)p 


No Bessel’s function of the second kind is required since the displacement u, vanishes at the center 
of the disk: At the boundary when r=a the radius of the disk, the stress T,,-=0. From (55) we have 
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From this data we can evaluate the stresses T;, and 74 as 
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The next step in the solution is to obtain the electrical impedance by a.c. methods. This can be 
obtained by substituting the values of T,, and 7 in the last of Eqs. (54) and integrating over the 
surface of the crystal. Since the value of 6, at the surface is equal to the surface charge this will 
evaluate the total charge Q and we have 


Ena? 2Q 12620 al ‘i 
Q= [ af 5.rdr= J aof 1 T+r+T 0 dr. (62) 
(498117 +Oun ras (4mB117 + O62) 0 


Introducing the value of T,, and T from Eq. (61) this integral becomes 
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Performing the integration and employing the substitution 
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where §11"¢ is the radially clamped impermeability constant, i.e., the impermeability when the plate 
is prevented from moving radially, we have . 


7 E,na? ee k? (1+o)Ji(wa/v) - 
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(65) 


where the coefficient of coupling for a radial mode becomes. 
8Q 1275207 Y,F 
(4rBuT+ O11520) (1 —, o) 


Comparing this with the longitudinal mode, given by Eq. (25), we see that the radial mode has a 
higher coupling by the factor 





(66) 


(2/1—o)}. (67) 


: , i : i 
Since the admittance of the plate is equal to the current into the plate divided by the voltage across 
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the plate, and for simple harmonic motion, 


t=dQ/dt= juQ, 


(68) 


the impedance of the electrostrictive plate is given by 


i ¢ 
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The resonant frequency occurs when 
(wa/v) Jo(wa/v) —(1—0)Ji(wa/v) =0. (70) 


For a value of ¢=0.27 found from the elastic 
measurements, this equation has the lowest root 


(wa/v) = 2.03 = Ri. (71) 
Hence the frequency is given by the equation 
fr=(2.03/2ma)(Yo"/p(1—o7))*. = (72) 


The antiresonant frequency. occurs when the 
expression in brackets in Eq. (69) reduces to 
zero. This occurs at a frequency somewhat above 
the resonant frequency. To determine the fre- 
quency separation Af, between resonance and 
antiresonance, we develop the function Jo(wa/v) 
and J:(wa/v) in a MacLaurin’s series about the 
root R;. This gives 


te) 
Jo(wa/v) = Jo(R:) i ee all ve 


2ra 
= Jo(Ri) -——Ji(Ri) Aft+:--, 
v 
(73) 
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Inserting these values in Eq. (69) and setting 
the numerator equal to zero, the frequency 
separation Af becomes 


Af (#/(1-k))(1+0) 
fe Riv—(1-0%) 





(74) 
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Hence solving for the coupling factor k?, we find 
to a first approximation 


See 
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For ¢=0.27 the value of the factor multiplying 
Af/fr is equal to 2.51. Comparing this to the 
factor for a longitudinal crystal given by Eq. 
(28), which is 7?/4 = 2.47, it is seen that the same 
equations are very nearly applicable. By using 
Eq. (75) the coupling can be evaluated by 
measuring the separation of resonant and anti- 
resonant frequencies and the frequency fr. The 
resonant frequency and the density give the 
elastic constant by employing Eq. (72). From the 
measured value of k,, the measured value of the 
dielectric constant, which is the inverse of 


(75) 
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one can determine Q12529 from Eq. (66). By taking 
a known value of field for which e: has been 
measured, 5z9 is determined by the equation 


E, E.eu 
620 == = ° 
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By observing how the coupling varies around a 
hysteresis loop, one can evaluate the remanent 
polarization. 
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The heat transfer in liquid helium II by internal convection is calculated on the basis of 
Tisza’s two-fluid model. One arrives at the following differential equation for the heat current 


density, q: 


curl curlg= —A gradT. 


Here T=temperature, A=(ps)?7/n, is a numerical constant depending on temperature and 
pressure only (ps=entropy density and 7,=the viscosity of the ‘‘normal’’ fluid). Comparison 
with the measurements of the heat transfer in very fine slits by Keesom and co-workers shows 
only partial agreement. It appears that the heat conductivity of helium II in narrow slits, even 
in the limit of very small flow, cannot be described by the usual laminary flow solutions of hy- 
drodynamics within the two fluid model, even if one introduces further assumptions such as 


viscous slip and an Ohm’s law type resistance. 





I. INTRODUCTION 


HE measurements of heat transfer in liquid 

helium II published recently by Keesom 
and Duyckaerts,! Mellink,? and Meyer and 
Mellink,? have shown that in extremely fine 
capillaries or slits (diameter 0.15-194) and for 
sufficiently small heat input the transported heat 
becomes proportional to the temperature difference. 
According to previous measurements it appeared 
that the heat current is proportional to (gradT)? 
(Keesom’). It now appears that this cube root 
dependence on the temperature gradient is re- 
stricted to heat flow in wider capillaries and to 
larger currents. The new results are of interest 
insofar as for the first time they seem to give 
qualitative support to general ideas promoted 
by Tisza> and H. London® interpreting the enor- 
mous heat conductivity in liquid helium II by 
a mechanism of “internal convection.”” This 
mechanism implies a heat current proportional 
to gradT. Since this result seemed to be in con- 
tradiction to every available experimental evi- 
dence so far the theory had never been developed 


t The work reported here was carried out under Contract 
N7onr-455 with the Office of Naval Research. 

1W. H. Keesom and G. Duyckaerts, Physica 13, 153 
(1947), (referred to in text as K and D). 

2 J. H. Mellink, Physica 13, 180 (1947). 

37. Meyer and J. H. Mellink, Physica 13, 197 (1947), 
(referred to in text as M and M). 

4W.H. Keesom, Helium (Elsevier Publishing Company, 
Inc., Amsterdam, 1942). 

5L. Tisza, Nature 141, 913 (1938); Comptes Rendus 
207, 1186 (1938); J. de phys. et rad. 1, 165, 350 (1940); 
Phys. Rev. 72, 838 (1948). 

6 H. London, Proc. Roy. Soc. A171, 484 (1939). 


in detail. It might now appear desirable to com- 
pare the theoretical expectations with the new 
experimental data. 

According to the view in question, liquid 
helium II is described as consisting of two mutu- 
ally interpenetrating fluids having densities p,» 
and p,, respectively. The ‘‘normal” fluid (m) 
carries almost all the entropy of helium II and 
has ordinary viscosity, whereas the “‘superfluid” 
(s) has no viscosity and negligible entropy 
(ns=0, 5,0). In first approximation the two 
fluids are considered as uncoupled, the macro- 
scopic motion of each being described by its 
own hydrodynamic velocity field v, and vV,, 
respectively. 

The ‘‘two-fluid’’ model was originally derived 
from the idea’ that the condensation mechanism 
shown by an ideal Bose-Einstein gas might be 
responsible for the transition from helium I to 
helium II at the A-point. The Bose-Einstein 
condensation exhibits the unique example of a 
system of two mutually interpenetrating phases 
one of which has zero entropy. However, the 
model in question may, of course, be employed 
without going into the details of any molecular 
theory. As a macroscopic model it has proved 
capable of accounting for a number of the pe- 
culiar properties of liquid helium II. 

It leads to a very simple solution of the ap- 
parent paradox that viscosity experiments per- 
formed with superfluid helium flowing through 


7 F. London, Nature 141, 643 (1938); Phys. Rev. 54, 947 
(1938). 
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thin capillaries gave no measurable viscosity at 
all (Kapitza,* Allen and Misener®) while experi- 
ments using a rotating disk immersed in super- 
fiuid helium showed a quite normal viscosity of 
the same order as that of ordinary liquid helium I 
(Keesom and MacWood?’). 

It was further possible on the basis of this 
model to give an interpretation of the so-called 
fountain (or thermo-hydrodynamical) effect as 
caused by an essentially reversible mechanism 
of the type of the thermo-electric effects.5 ® More 
precisely, the model of Tisza implies that two 
containers filled with liquid. helium II and con- 
nected with each other by extremely fine capil- 
laries will be in equilibrium, if a temperature 
difference AT maintained between the containers 
is accompanied by a pressure difference, 


(1) 


where s=entropy per gram, and p=density of 
liquid helium IJ. This “thermo-hydrodynamical 
pressure difference’’ has subsequently been quan- 
titatively confirmed by the measurements of 
Kapitza" and of Keesom and co-workers.!*# 
Going beyond this result, Tisza inferred from 
the same model the possibility of a peculiar 
form of wave motion in liquid helium II in which 
temperature and entropy density perform peri- 
odic fluctuations, quite analogous to the pressure 
and density fluctuations in ordinary sound. 
These ‘‘temperature waves’ represent density 
waves of pn» and p, separately with a phase 
difference of 180° to each other so that pn+p, is 
approximately constant. The same mechanism 
was again derived by Landau who called it 
“second sound.’’ The phenomenon was subse- 
quently observed by Peshkov™ and later by 
‘Lane and co-workers.“ These authors found 
very close agreement between the measured and 
the theoretically predicted dependence on tem- 
perature of the propagation velocity of these 
temperature waves. Especially these experi- 


Ap=psAT, 


8 P, Kapitza, Nature 141, 74 (1938). 
9J. F. Allen and A. D. Misener, Nature 141, 75 (1938). 
10W. H. Keesom and G. E. MacWood, Physica 5, 737 
(1939); 8, 65 (1941). i 
11 P, Kapitza, J. Phys. USSR 5, 59 (1941). 
#22, Landau, J. Phys. USSR 5, 71 (1941). 
(194 4 Peshkov, J. Phys. USSR 8, 381 (1944); 10, 389 
4 C, T. Lane, H. Fairbank, H. Schultz, and W. Fair- 
bank, Phys. Rev. 70, 431 (1946); 71, 600 (1947). 


HEAT TRANSFER IN LIQUID HELIUM 








1149 


ments furnish a very sharp test of the validity 
of the general assumptions which are at the basis 
of the model under discussion. 

However, the second sound waves are not able 
to transfer much entropy since they pro- 
pagate nothing but the mechanical energy of 
their excitation which is extremely small, while 
the entropy density undergoes only periodic 
local fluctuations. Thus the second sound is not 
directly responsible for the “heat superconduc- 
tivity” in liquid helium. 

If one has a capillary or a fine slit connecting 
two vessels of liquid helium and maintains a 
temperature difference between them and thus 
also has a pressure difference according to (1), 
the normal fluid will not be entirely immobilized 
by its viscosity. A stationary state will be 
reached when a certain circulation of the two 
fluids is established: Superfluid carried by the 
thermo-hydrodynamic force will go from the 
cooler to the warmer container. There it will be 
excited into the normal fluid state, in which state 
the excess helium will return with viscous flow 
to the cooler container. Here its excess heat con- 
tent will be carried away by the thermostat and 
the excited normal fluid will fall back again into 
the superfluid state. As only the normal fluid is 
supposed to carry entropy, a stationary heat 
flow will be established carrying heat from the 
warmer to the cooler container. This is the 
mechanism of heat transfer5® which we shall 
call ‘internal convection” and which we are 
going -to discuss in greater detail in the present 


paper. 


Il. THE DIFFERENTIAL EQUATIONS OF 
INTERNAL CONVECTION 


The differential equations by which the model 
of the two mutually interpenetrating fluids has 
been described are still somewhat uncertain. In 
particular, the experimentally observed existence 
of something like an upper limit for the super- 
flow has not yet found a satisfactory mathe- 
matical description within the theory. However, 
in the limit of small deviations from equilibrium, 
that is, if one neglects all except linear terms in 
the velocities v, and v, and in the derivatives of 
the other quantities entering into the equations, 
Tisza’s assumptions definitely lead to the fol- 
lowing set of equations :” 
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Conservation of mass: 
O(pntps)dt= —div(pnVntp.Vs) ’ 
conservation of momentum: 


O(psVetprnVn)/dt= —gradp 
—nn(curl curlv,—4/3 grad divv,), 


(2) 


(3) 


where 7, is the coefficient of viscosity of the 
normal component and is the pressure. 
Conservation of entropy: 


0(ps)/dt = —div(psvn). (4) 


It should be noted that in Eq. (4) terms have 
been omitted which would express an irre- 
versible increase in entropy such as that due to 
the dissipation of kinetic energy caused by the 
viscosity of the normal component, since such 
terms are quadratic in the velocities. 

Finally : 


(5) 


The derivation of Eq. (5) implies some assump- 
tions which might still appear very much open 
to argument. We will not enter here into such a 
discussion but rather take Eqs. (2), (3), (4), 
and (5) as the presumably simplest expression 
of the thermo-hydrodynamics of liquid helium I] 
for small velocities. In particular Eqs. (3) and 
(4) express the assumption that viscosity and 
entropy are only attributed to the normal com- 
ponent. Equation (5) generalizes the equi- 
librium condition (1), making a very far-reach- 
ing step by attributing a thermo-hydrodynamical 
force to every volume element of the liquid in 
which a temperature gradient is being main- 
tained. It is this Eq. (5) which is responsible 
for the appearance of temperature waves in the 
theory. 

By subtracting p times (5) from (3) one ob- 
tains: 


dv,/dt = —p— gradp-+s gradT. 


pnr0(Ve—Vn)/Ot=ps gradT 


+(nn/psT)(curl curlqg—4/3 grad divq), (6) 


similarly, Eq. (2) minus s~! times Eq. (4) gives 


Pe div(Ve—Vn) =p8/s 


(2)+@) J} 0 


In (6) we have written q for the heat current 
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density vector 
q=psTVn. (8) 


Eliminating v,—v, from (6) and (7) we ob- 
tain the wave equation of the temperature waves 
of Tisza and Landau plus an attenuation term: 


n O(1/s) .. 47, O(1/s) , 
aap I) 6 diy grad 7-— ne (9) 
3p oT 


Ps 


Here we have omitted the term (0s/0p) rp which 
entails a coupling between the temperature 
waves and the pressure (ordinary sound) waves. 
This is very small since (0s/0p)r= —(0V/0T), 
is very small for liquid helium II. 

In case that conditions of stationary heat trans- 
fer are reached, we have to go back to Eq. (6). 
Since under those conditions divq =0, we obtain: 


A gradT = —curl curlq, (10) 


where 
A=(ps)?T/nn 


is a new characteristic coefficient. 
Equation (10) replaces the usual equation 


K gradT = —q 


(11), 


of ordinary heat conductivity. One might call 
(10) the differential equation of ‘‘heat super- 
conductivity” or, more appropriately, of ‘‘in- 
ternal heat convection.”” It expresses quanti- 
tatively the -idea of H. London and Tisza that 
entropy is being transferred by a movement of 
the two phases relative to each other. 
Whereas in ordinary heat conductivity 


curlq =0, 


as follows directly from the usual heat conduc- 
tion equation, we see that according to (10) a 
temperature gradient can be maintained in 
helium II only if curlg#0. This is a consequence 
of the fact that in the present form of the theory 
the only resistance to internal convection at small 
velocities is the viscosity of the normal phase. 

The boundary conditions derive from those of 
the normal phase.!® 


Yan=0; pSTVn.= —Ka(grad7). soiia, 


where K, is the heat’conductivity of the adja- 


157. Landau, J. Phys. USSR 8, 1 (1944). 
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cent medium. This means 
qu =0; a= —K,(gradT). solid- 


For a slit of width d one obtains as solution the 
parabolic current distribution of laminary vis- 
cous flow over the cross section (— 4d <x < 4d) of 
the slit in the form 


q=34(1—4x?/d), 


where q is the mean value of g taken over the 
cross section of the slit. Hence 


A gradT = —129/d? (12) 


and accordingly the mean ‘‘heat conductivity” 
is given by 


K=4q/|gradT| =Ad?/12=(ps)?Td?/12nn. (13) 


Similarly for a circular capillary of radius R 
one calculates as mean heat conductivity 


g/|gradT| =AR?/8. 


The entropy density of helium between 1°K 
and the A-point can be approximately repre- 
sented by the empirical formula 


ps =0.72 X10-°T*'§ cal deg.—! cm 
=3X10'T*-* erg deg.—! cm. 


The viscosity measurements of Keesom and 
MacWood by the oscillating disk method actually 
determine the product pann; if one assumes that 
Pa~©sS, as is suggested by general arguments, it 
follows that 7, is roughly constant between 1°K 
and the A-point and about equal to the viscosity 
of liquid helium I, that is, of the order n,-~2 
X10-5[g cm sec.-!]. With these values one 
obtains for the mean heat conductivity (13) of 
the slit of width d: 


K~0.9 X 105T-*d*[cal deg-! cm! sec“. (13’) 


For comparison we give the heat conductivity 
of ordinary helium I at 3.3°K: 


Kyuer = 6 X10-*[cal deg.—! cm sec.-']. 


Accordingly even in a slit of only 10u diameter 
the ‘‘mean heat conductivity” of liquid helium II 
at 2°K would be 107 times larger than that of 
helium I. 
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III. COMPARISON WITH EXPERIMENT 
AND DISCUSSION 


a. Critical Velocity 


In comparing the ‘‘mean heat conductivity” 
given by Eq. (13’) with the experimental data!*# 
one must take care to confine oneself to the re- 
gion of presumable validity of the linear theory, 
i.e., to the region of sufficiently small heat cur- 
rents where @ is proportional to grad7. In the 
narrowest slits (d<.75y) no deviations from the 
linear law are observed within the range of the 
given data (gradT~10-deg.cm). As the 
width d of the slit increases, deviations appear 
first at temperatures close to the A-point until, 
for d>10y, no linear dependence of g on gradT is 
observed even at the lowest temperatures 
(T—~1.1°K) and for the smallest measured tem- 
perature gradients. The values of g at which the 
deviations begin in the various experiments can 
be determined from the given data only very 
approximately. But it appears that the limiting 
feature is a critical velocity of the superflow v, 
and not perhaps turbulence of the normal flow v,, 
as one might think. From Eq. (8) and the condi- 
tion of no net flow 


PnVnt+PeVs _ 0, 


one has 


Ps 
G=psTV¥,= —psT—¥,~ —T(T)>*—T**)¥, (14) 
Pn 


where 7,=2.19°K is the temperature at the 
\-point. 

Within the limits of accuracy of their deter- 
mination from the experimental data the values 
of v, (critical) obtajned with the aid of (14) are 
independent of the temperature. They depend on 
the width d of the slit approximately as d—. 

Typical examples of the determination of 
d.d (critical) from the experimental data are 
collected in Table I. The column headed 9Xd 
gives the mean heat current density multiplied 
by the width of the slit. In a slit of given width d 
and at a given temperature T the region of 
validity of a linear law is determined by the 
proportionality of gXd to the temperature dif- 
ference AT, that is by gXd/AT =constant. The 
braces in Table II indicate the experimental 
limits within which in each case the proportion- 
ality of g to AT comes to an end. When gXd/AT 
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TaBLeE I. Limits of the linear region; determination 
of critical velocities. 
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begins to decrease the critical velocity has been 
exceeded. Ri=pnind/n, is the Reynolds num- 
ber for the “normal” flow. One sees from the 
table that in every case R, is smaller by orders 
of magnitude than the value ~10* at which 
turbulence may be expected to set in; thus the 
observed deviations from linear dependence of ¢ 
on gradT cannot be ascribed to turbulent flow of 
the viscous normal phase. 

The product dX, (critical) is seen to be of 
the order of magnitude 


d X3,(critical)~10-* cm? sec.—. 


This is in agreement with the values obtained 
from Kapitza’s experiments;" it is about 10 
times larger than the values found by Daunt 
and Mendelssohn!‘ for the transfer velocity in 
the supra-surface film.* 


16J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. 
A170, 423 (1939); "hi A. Bijl, J. de Boer, and A. Michels, 
Physica 8, 655 (194 
* Note added in nla According to K. R. Atkins, Nature 
85, 925 (1948) the supra-surface film also has a considerably 
larger critical velocity in the presence of a temperature 
difference. 
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The d— dependence of 3d, (critical) accounts 
for the fact that no region of linear dependence 
of g on grad7 has been observed in capillaries 
wider than 10yu. By virtue of the factor multi- 
plying ¥, in (14) the critical value of g for a slit 
of given d approaches zero as the temperature 
approaches the A-point. Thus for T—>T) a linear 
formula can give no more than the slope 0q/ 
d|gradT| at gradT=0. This explains the fact 
that in capillaries of intermediate-width (1—10y) 
a region of linear dependence of g on gradT is 
observed at low temperatures, whereas at tem- 
peratures close to the A-point deviations from 
the linear law tend to occur even for the smallest 
measured values of gradT. 

For the same reason, experimental curves of 
versus T for given values of grad7—curves which 
show a maximum in the conductivity between 
1.9° and 2.0° and then a rapid decrease as 
T—T),—are misleading, since for any finite value 
of |grad7| the critical velocity is inevitably 
exceeded if one goes sufficiently near the \-point. 
This situation is exemplified in Fig. 1 which 
shows a typical experimental curve of g versus T 
for constant |grad7| (heavy curve). The broken 
line is the corresponding curve of @ (critical) 
as given by Eq. (14) with dX2@,(critical) =10- 
cm?/sec. One sees that the critical velocity is 
exceeded already at a temperature below the 
maximum of g. This is quite generally the case. 





cal/em® sec. 














Fic. 1. Experimental heat current density gexp as a func- 
tion of the temperature T for constant temperature ger 
ent (heavy curve); the curve plotted refers to a slit of 
width d=9.3X10~‘ cm and to gradT=0.002 deg./cm. The 
broken curve gives the critical value of g as a function of 
T for a slit of the same width. The maximum in the ex- 
perimental curve, as well as its decrease as the tempera- 
ture approaches the A-point, occurs in the region where 
Jexp > Qeriticai, i.e., outside the region of validity of the linear 
theory. 





HEAT TRANSFER IN LIQUID HELIUM 


Hence one cannot expect to explain the decrease 
of g towards the \-point by the present theory. 


b. Linear Region: Experimental Values of K 


Representative values of the mean heat con- 
ductivity Kexp.=¢/|grad7| in the linear region 
are given in Table II. They were calculated from 
the experimental data of Meyer and Mellink 
(M and M) and Keesom and Duyckaerts (K 
and D). The corresponding theoretical values, 
K theor., are given by Eq. (13’). In Table II L is 
the length of each slit; Kexp./Ktneor. gives the 
ratio of the experimental to the theoretical value 
of the mean conductivity. The last column 
roughly gives the power of variation of Kexp 
with T. 

The accuracy of some of the quantities enter- 
ing into the tables might be somewhat doubtful, 
the greatest uncertainty probably coming from 
the determination of the width d of the slit in 
the various experiments. The widths were de- 
termined from optical interference measurements 
and from measurements of gas flow through the 
slits. Even granting the accuracy of those de- 
terminations (Meyer and Mellink estimate the 
probable error at 20 percent) they can only 
give the average width over the slit; the actual 
width may vary considerably in different parts 
of the slit. Since the mean heat conductivity 
depends rather strongly on the width, this is a 
source of considerable error. Another, though 
probably minor, source of error is the corrections 
applied to the observed heat flows to take ac- 
count of losses of various kinds. From Table II 
one sees that the values of Kexp from Meyer and 
Mellink are consistently higher than those from 
Keesom and Duickaerts. M and M indicate that 
they had considerable difficulty in attaining a 
stationary state in their experiments, so that 
one might suspect that their measurements were 
not really made under stationary conditions and 
that this is the cause of the discrepancy between 
the two sets of data. The only other explanation 
one could think of is.that this strange discrepancy 
has something to do with the length of the slits, 
those of M and M being less than half as long 
as those of K and D. Such an explanation does 
not seem very likely, however: ‘‘end effects” 
should be expected to be due to Bernoulli terms 
which have been neglected in the linear hydro- 
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TABLE II. Comparison of experimental and theoretical 
values of the mean heat conductivity. 








Kexp Aln(Kexp) 
Ktneor Aln(T) 

0.20 

0.18 

0.15 

2.05 

1.92 

1.88 

1.69 


Kexp Ktheor 


T(°K) (cal/deg. cm sec.) 





1.586 
1.807 18.7 103 
1.962 43.5 295 
1.223 0.066 0.032 
1.476 0.61 0.32 
3.5 1.86 
1.960 17.2 10.2 
L =0.275 cm 5.35 1.55 3.45 


1.799 
d =1.15 X10-* cm 3 989 17.1 5.28 3.25 


L =0.248 cm 4.45 22 
d =9.3 X10-4 cm 


(K and D) 


11.0 
10.3 


L=0.275 cm 
d =1.75 X10-4 cm 
(K and D) 


(K and D) 2.170 24 15.5 1.55 
0.060 17.5 
10.4 
7.0 


1.411 
1.802 


L=0.1 cm 
d=1.0 X10-4 cm 


(M and M) 
2.159 \ 2.9 


1.403 ° R A 12.5 
11.8 
2.097 . 4.3 7.0 
(1.086 0.0006 
1.274 ki ! 64 
1.315 0.0064 55 
1.659 0.108 23 
(1.226 0.00097 260 
1.358 0.0034 140 
1.558 0.018 75 
1.652 0.0365 54 


L=0.275 cm 
d =0.75 X10-4 cm 
(K and D) 


L=0.1 cm 
d=0.5X10-cm < 
(M and M) 


L=0.1 cm 
d=0.3X10*cm §< 
(M and M) 











dynamic equations. Since such terms are quad- 
ratic in the velocities of flow one would expect 
that if ‘“‘end effects’ are important they would 
destroy the proportionality between q and 
|gradT |. 

Altogether it appears that the listed values of 
Rexp./Ktueor. may be expected to be uncertain 
by as much as a factor of 2 one way or the other. 
In spite of this the data indicate quite clearly 
the general dependence of K on the temperature 
and the width of the slit. 


c. Temperature Dependence 


Except in the two narrowest slits (d=0.3 and 
0.5u)** the theoretical T?? dependence agrees rather 


**M and M have also made measurements in still 
narrower slits (0:15 and 0.24), but those measurements 
were made by a non-stationary method and therefore 
have not been used in the present analysis. 





1154 


well with the experimental data up to about 1.9°; 
the fit is somewhat better with d(logK)/d(logT) 
~11.5. This may be accounted for theoretically 
if one assumes 7,~7°'5, as is the case in an 
ideal gas and in liquid helium I,*** instead of 
taking »,=constant as was done in deriving 
Eq. (13’). When T approaches the A-point K as 
a function of T levels off very definitely, but in 
no case has an actual maximum been observed. 
(Note that K is, of course, understood as func- 
tion of T always in the limit | gradT|—0.) 

In the narrowest slits the dependence on tem- 
perature is rather as J’ or T® up to the highest 
temperatures at which measurements have been 
made (7=~1.7°). No data are available on 
whether there is a leveling off at higher tempera- 
tures in this case also. 


d. Absolute Value of K and Dependence on 
Width of Slit 


A glance at the last column in Table II shows 
that the ratio of the observed to the theoretically 
predicted mean heat conductivity varies in order 
of magnitude from 10? in the narrowest slits 
to 10! in the widest. This looks rather discourag- 
ing; but it should be pointed out that except for 
its proportionality to d?, which obviously does 
not fit the facts, the formula (13), based on the 
idea of heat transfer by internal convection, 
comes much closer to the experimental data than 
would a formula based on the usual type of heat 
conduction by ‘diffusion of energy.” The latter 
mechanism would give a heat conductivity ap- 
proximately independent of the temperature and 
of the order of that in helium I, that is too small 
by a factor of about 10-5 to 107”. 

Actually there is an increase of the mean con- 
ductivity with d in the wider slits (d2 10-* cm), 
but it is not nearly as strong as d?. In the nar- 
rowest slits the conductivity seems to be ap- 
proximately independent of d. 

*** As has been pointed out by Tisza (see reference 5), 
the small density of liquid helium and the temperature 
dependence of the viscosity of helium I make it appear 
likely that in contrast to all other liquids the viscosity of 


liquid helium is of the “kinetic” type usually found in 
gases. In this case one would expect 


Nn—~Prlntin, 


where /, is the mean free path and a, the mean thermal 
velocity of the “normal” particles. The product paln 
should be approximately temperature-independent and 
tineT 
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IV. ATTEMPTS TO ACCOUNT FOR 
THE DISCREPANCIES 


The discrepancies between the observed values 
of K and the predictions of the theory as given 
by Eq. (13’) are essentially of two types: (a) In 
the narrowest slits the observed values of the heat 
current density are some hundred times larger than 
those predicted by the theory. (b) In the widest 
slits in which a linear dependence of G on gradT 
has been observed the heat currents are actually 
less than expected from the theory; furthermore at 
temperatures close to the -point the conductivity 
increases with temperature much more slowly 
than the theory predicts. 

To account for these discrepancies, one may 
attempt to generalize in two respects the equa- 
tions by which internal convection has been 
described in Sec. 2 of this paper. 

Item (a) points to a larger conductivity for 
the narrowest slits than is given by the theory. 
Since it appears impossible to get rid of the nor- 
mal viscosity by manipulating the differential 
equations, one may conclude that the boundary 
condition v,,,=0 is too stringent. One may intro- 
duce a slip of the normal flow velocity v, along 
the wall of the slit by replacing the boundary 
condition vn,,=0 by 


— —ad0n/dN, (15) 


where JV is the outward normal to the boundary 
of the slit. The quantity @ in (15) is of the di- 
mension of a length and should be of the order of 
the mean free path of the particles in the normal 
phase. From the experimental value of the vis- 
cosity one estimates for the mean free path at 
the \-point 


1,~10—7 cm(T=T)), 


so that ‘one should expect 


am] ,—~10—7(p/pn)—~10-7(T)/T)*"* cm. 


Item (b) indicates the presence of a resistance 
to internal convection in addition to the vis- 
cosity of the normal fluid. This additional re- 
sistance becomes significant for wider slits. One 
may try empirically to account for this dis- 
crepancy by formally introducing an Ohm’s 
law type of resistance into the Eq. (6) describing 
the relative motion of the two phases, This 
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means that we replace Eq. (10) by 
—gradT = A™—(curl curlq+’q) (16) 


the function B(T) to be determined empirically. 

Band and Meyer!’ have recently fitted the 
heat conductivity in a wider capillary by as- 
suming a resistance to the relative motion of the 
two phases equivalent to a term like the supple- 
mentary one in Eq. (16). However, since they 
were using data from the region of cube root 
dependence of g on |grad7|, their resistance is a 
function not only of T but also of q itself (pro- 
portional to gq’). Furthermore, they completely 
neglect the viscous resistance of the normal 
phase, using only the Ohm’s law type of re- 
sistance; thus in their formula the heat con- 
ductivity is independent of the width of the 
capillary. Because of its proportionality to q? the 
resistance proposed by Band and Meyer cannot 
be applicable to the linear region. At any rate it 
appears hopeless to try to understand the laws 
of motion of the two-phase model of helium II 
in the region of supra-critical velocities as long 
as one cannot account satisfactorily for the small 
heat currents. 

Using (16) and the boundary condition (15) 
the stationary solution becomes 


coshBx 


cosh (6d /2)-+-a8 sinh (6d /2) 
(17) 





q=A6~ grad r| 


and one obtains for the mean heat current 
density : 
£1 sinhé 


coshé+a sinhé 





¢=A-|grad7|| -1] (18) 


where we have put @d/2=é. Expanding this 
expression into powers of ~ we obtain as heat 
conductivity for slits of small width d: 


q/|gradT| = AB~*LaBpe+ (§—078*)P +--+] 


Ad? 
~~ + 6a/d —3a’p?+ ---]. 


One sees that the new assumptions amount 
to a correction by a factor 


[1+6a/d—3a76?+---] (19) 
17 W, Band and L, Meyer, Phys. Rev. 73, 226 (1948). 
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in the formula (13’) for the mean heat con- 
ductivity. If one takes a and 6(T) independent of 
d, as they ought to be if they are to have any 
reasonable physical meaning, one sees that a 
correction factor of the type (19) will not suffice 
to bring (13’) into agreement with the experi- 
mental data: The expression (18) for the mean 
heat conductivity still increases too fast with d; 
in particular for very narrow slits it is propor- 
tional to d rather than independent of d as the 
experimental data (of Table II) seem to indicate. 

It is interesting to note that quite formally 
Eq. (18) is able to account for the 77 dependence 
of K in the narrowest slits where one can pre- 
sumably neglect the term proportional to d? 
compared to 6ad. One can fit the data fairly 
well by setting 


a~3-10-*T-5-5 cm, 


which has the right temperature dependence 
for the mean free path of the normal phase 
particles. However for two reasons this is not 
likely to have physical significance: First, the 
mean free path would be larger than the width 
of the slit; in that case, however, the whole hy- 
drodynamic description of the flow would break 
down. Second, the mean free path implied by a 
slip of this magnitude is some hundred times 
larger than the mean free path corresponding 
to the experimental value of the viscosity as 
determined in the rotating disk experiments of 
Keesom and MacWood.!® On the other hand 
it should be pointed out that there is no direct 
experimental evidence to exclude a slip of this 
magnitude: It is true that Keesom and Mac- 
Wood failed to detect any measurable slip in 
their experiments. However, within the experi- 
mental accuracy of their measurements a slip of 
the magnitude in question here could not have 
been observed. , 


V. CONELUSIONS, 


From the above discussion it appears that the 
present data on the heat flow in helium II in 
narrow slits cannot satisfactorily be described by 
the usual laminary flow solutions of the two- 
fluids hydrodynamics even with the additional 
assumptions of viscous slip and an Ohm’s law 
type resistance. On the other hand, since our dis- 
cussion was aimed at the limiting case of small 
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velocities, when v, is proportional to gradT, one 
cannot have recourse to assuming complications 
by turbulent flow either. 

It is, of course, possible that the whole con- 
cept of the two-fluid hydrodynamics loses its 
validity when dissipative processes are con- 
sidered. However, in view of the achievements 
of the theory in general, it appears unwar- 
ranted to go so far, and one will expect that, at 
least in the limit of very small velocities, the 
theory should be competent to account also for 
dissipative processes. 

It might be pointed out that the critical values 
of v,d obtained from the present data, as well 
as those from Kapitza’s flow experiments, are 
some ten times larger than those observed in 
connection with the supra-surface film (Daunt 
and Mendelssohn), the latter being of the order 
of h/4am—~~10~. Hence it might be argued that 
the applicability of the theory is restricted to 
still smaller velocities, i.e., still smaller heat cur- 
rents than the ones used in the experiments 
under discussion. This does not appear to be a 
valid argument since for most slits the observed 


heat conductivity is Jarger than that predicted 
by the theory. One cannot think of any per- 
turbation mechanism which would lead to a de- 
crease of the resistance with increasing flow 
velocity. At any rate it would be desirable to 
extend the measurements to still smaller heat 


currents. 

It seems that in order to account for the pres- 
ent experimental data in terms of the general 
two-fluid theory some features of the theory must 
be revised. There appear to be two possibilities 
for doing this: 

(1) One may have to abandon the idea of 
attributing an ordinary hydrodynamic viscosity 
to the normal phase of helium II. This would 
not be very satisfactory, since it is precisely the 
assumption that the normal phase has viscosity 
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while the superfluid phase has none which in 
Tisza’s theory explains some of the most striking 
properties of helium II (rotating disk experi- 
ments versus superfluid flow in narrow capil- 
laries). 

Or (2) one may have to assume that in the 
case of stationary flow through narrow slits the 
normal phase of the liquid helium II does not 
touch the wall of the slit at all, but that there is 
a film of pure superfluid next to the wall. This 
alternative is at any rate preferable to the first 
one. Allen and Misener!* were led to a similar 
picture from their investigations of viscous flow 
of helium II in narrow capillaries (‘‘sub-surface 
film’’). This assumption would mean that there 
are large variations in the densities of the two 
phases over the width of the slit when stationary 
flow is being maintained. 

This possibility is rather difficult to investi- 
gate quantitatively at the present time, since 
one does not know the correct hydrodynamic 
equations for the two-phase model if one cannot 
consider p, and p, as approximately constant. 

One cannot entirely exclude the possibility 
that the phenomena may be describable in terms 
of end effects: Terms of the type grad(v,’), 
which have been neglected in the linear equa- 
tions, may become large at the ends of the slit. 
It would appear that since such terms are quad- 
ratic in the velocities they cannot be important 
in the limit of small velocities, that is, in the 
region of proportionality of v, and v, to gradT. 
But it could be that the distance within which 
v, and v, reach the values they assume within 
the slit, is itself proportional to v,, so that 
grad(v,”) would actually be linear in v,. However, 
also this possibility cannot be investigated quan- 
titatively without further refinement of the 
hydrodynamics of the model. 


18 J. F. Allen and A. D. Misener, Proc. Roy. Soc. A172, 
467 (1939). 
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An intuitive explanation is given for the electromagnetic shift of energy levels by calculating 
the mean square amplitude of oscillation of an electron coupled to the zero-point fluctuations 
of the electromagnetic field. The resulting disturbance of the charge and current density of the 
electron gives rise to various observable effects which can be estimated in a simple classical 
fashion. The effects treated are the Lamb shift, the correction to the g-factor for the orbital 
and spin angular momenta of the electron, and the correction to the Compton scattering cross 
section at low energies. A simple explanation is also given for the peculiar ultraviolet divergence 
noticed by Pauli and Fierz in their treatment of the infra-red paradox. 





I. INTRODUCTION 


T has been pointed out by Bethe! that the 
displacement of the 2S level of hydrogen ob- 
served by Lamb and Retherford,? can be simply 
explained as a shift in the energy of the atom 
arising from its interaction with the radiation 
field. In order to obtain this result, it is necessary 
to subtract from the usual infinite result an in- 
finite energy which is essentially the electro- 
magnetic self-energy of the electron. The residual 
energy shift gives the experimental result, after 
the introduction of a plausible cut-off in the 
integral over quantum energies. It is the purpose 
of this note to point out the existence of a simple 
picture of the origin of this residual finite level 
shift which is capable of extension to other phe- 
nomena in which virtual emission and absorption 
of quanta gives rise to formal divergences. In 
many cases it yields a simple understanding of 
the phenomenon and, in addition, asemiquantita- 
tive calculation of the magnitude of the effect. 
Since Bethe’s subtraction removes the classical 
electromagnetic self-energy, the remaining phys- 
ically significant energy must be thought of as 
arising from the purely quantum-mechanical as- 
pects of the system. The quantization of the ra- 
diation field manifests itself qualitatively through 
the existence of fluctuating field strengths in 
empty space, and it is therefore natural to inquire 
into the effects produced on mechanical systems 


* Now at the Randal Morgan Laboratory of Physics, 
University of Pennsylvania, Philadelphia, Pennsylvania. 

1H. A. Bethe, Phys. Rev. 72, 339 (1947). 

2 W. E. Lamb, Jr. and R. C. Retherford, Phys. Rev. 72, 
241 (1947). 


by these fluctuations. The most obvious effect is 
the spontaneous emission of radiation from 
atoms in excited states. This phenomenon can be 
thought of as forced emission taking place under 
the action of the fluctuating field. Another effect 
which is equally simple is the existence of a 
fluctuation in position of a free electron. This 
may be thought of as a Brownian motion of the 
electron in equilibrium with a hohlraum, which 
motion persists when the temperature is reduced 
to absolute zero. It may be expected that this 
fluctuation in position will disturb the charge and 
current distribution arising from an electron in 
an atom, and hence give rise to observable 
effects. Weisskopf* has pointed out that the inter- 
action of this fluctuation with the field which 
produces it gives a natural explanation for a part 
of the infinite self-energy of the free electron. In 
this paper we shall assume that the position 
fluctuation is a real concept, while we shall think 
of the energy of interaction between the field and 
particle fluctuations as having no physical reality. 
We propose to give a discussion of these effects 
which is as nearly intuitive as possible, postpon- 
ing any attempts at formal justification to the 
last part of this paper. 
Il. THE MEAN SQUARE FLUCTUATION IN 
POSITION OF A FREE ELECTRON 

Our starting point is the observation that the 
quantum-mechanical zero-point variation of the 
radiation field in empty space gives rise to fluc- 
tuating electric and magnetic fields whose mean 
square values at a point in space are given by the 


3V. F. Weisskopf, Phys. Rev. 56, 72 (1939). 
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well-known relation 


(1) 


Tv 


2he fr” 
(Ee?) ny = (By ——_ f Redk. 
0 


In this equation the variable Rk refers to the 
_ wave number of a quantum, and the contribution 
- to the mean square fluctuation arising from fre- 
quencies in the range cdk is therefore explicitly 
displayed. Equation (1) can be simply derived 
by ascribing to every normal mode of the radia- 
tion field an energy which is just the zero-point 
energy for an oscillator with the frequency of the 
normal mode. The total energy can be written 
either as the volume integral of the ordinary 
electromagnetic energy density or as a sum over 
normal modes, and Eq. (1) merely states the 
equality of these two forms. 

It will now be assumed that an otherwise free 
electron is acted on by these fluctuating fields. 
The electron will be assumed to move with non- 
relativistic velocities so that if q is its position 
vector, the equation of motion is 


m(d2q/dt2) =eE. (2) 


The vector E is the fluctuating field specified by 
(1). Since Eq. (2) is linear, we can regard it asa 
classical equation for the quantum-mechanical 
expectation value of q. For a given harmonic 
component of E the solution of (2) is obvious. 
We perform this integration, find the resulting 
value of (gq), and sum over frequencies using (1). 
We then obtain a quantity ((Aq)?)w, defined as 
the mean square fluctuation in position of a free 


electron 
((A9)?) 2e fh? etdk 
Aq y=" —) f os 
: aw hco\me ko R 


(3) 


The upper and lower limits of integration are 
infinity and zero if the preceding assumptions 
are literally adhered to. The divergence at the 
upper limit of the integral in (3) is certainly fic- 
titious since the equation of motion (2) neglects 
the spatial dependence of a given Fourier com- 
ponent of the electromagnetic field. This spatial 
dependence would give rise to a longitudinal 
recoil of the electron in addition to the transverse 
oscillation which we have included. This recoil 
will become important for light with a wave- 
length shorter than the Compton wave-length of 
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the electron. We therefore assume that the upper 
limit is given by 


(4) 


This assumption will be further supported in the 
last section of this paper. 

The lower limit is strictly zero, and for a free 
electron we therefore have the result that the 
mean square fluctuation in position is infinite. 
It should,. however, be remembered that the 
divergence arises from very large, but very slow 
low frequency fluctuations. These contributions 
will be suppressed by the presence of any sort 
of binding, and the lower limit ko will be deter- 
mined in every case from consideration of the 
details of the electronic motion. This point will 
be discussed more carefully in a later section. 


k=mc/h. 


Ill. THE LAMB SHIFT 


The magnitude of this mean square fluctuation 
in position will be very small for any reasonable 
ko, but an observable effect will arise when the 
electron moves in a potential with a large curva- 
ture. This can easily be seen in the following way. 
Consider the motion of an electron in a static 
field of force specified by a potential energy V(q). 
The coordinates of the electron consist of a part 
which varies smoothly in time with the orbital 
frequency plus a part which fluctuates randomly 
in time. We designate the smooth part by q and 
the random part by Aq. The instantaneous po- 
tential energy is then given by 


V(q+Aq) 
=[1+Aq-V+3(Aq-V)?+---]V(q). (5) 


The effective potential energy in which the: 
particle moves will just be the average of (5) 
over all values of Aq. Remembering that Aq has 
an isotropic spatial distribution, we obtain 


(V(q+Aq))w=[1+3((Ag)*)aV?-+-++]V(q). (6) 


We thus see that the existence of the position 
fluctuation of the electron will effectively modify 
the potential in which it moves by the addition 
of a term proportional to the Laplacian of the 
potential energy. This correction will suffice if 
VV is sufficiently small, but in general it must 
be remembered that the effective potential energy 
is to be obtained from the original potential 
energy by the application of an integral operator 
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with a displacement kernel, which is just the 
distribution function for Aq. This point will be 
amplified in a later section. 

Now consider the perturbation of the levels of 
the hydrogen atom caused by this modification 
of the potential energy. We take for V(q) the 
static potential of the nucleus 


e 


V(q)=——. 


¥ 


(7) 


The expansion (6) does not converge for this 
potential, but for the time being it will be as- 
sumed that the first correction term in (6) is 
sufficient, the justification being left until later. 
We obtain the correction to the potential energy 
by combining (3), (4), and (6) 


Fike 


The correction to the energy of a stationary 
state of the atom with wave function y(q) will be 


<< (— ) 
iis” hc\me 


This expression will be recognized as identical 
with the expression derived by Bethe for the 
level shift. The quantity heck» should clearly be 
taken equal to the average excitation energy 
(17.8 Rydbergs) introduced by Bethe,! in order 
to obtain approximate agreement with the experi- 
mental result of Lamb. This value for the lower 
cut-off occurring in the integral over quanta 
seems implausibly large from the arguments ad- 
vanced thus far, but it will later be shown by a 
simple argument to be very reasonable. 

It should be noted in passing that from the 
nature of the effect the sign of the energy shift 
is clear, it being obvious that the fluctuation in 
position must always act to weaken the effect of 
the potential energy. 

We must now discuss the validity of the seem- 
ingly: inadmissible omission of powers of the 
Laplacian higher than the first from the expan- 
sion (6). Suppose that the probability of finding 
the instantaneous fluctuation Aq in the volume 
element dAq is 


AV(q) = log 1) (8) 


hcko 


log [¥(0)|?. (9) 


hckg 


P(Aq)dAq. (10) 
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Returning to the derivation of (6), we can write 
(V(q+Aq))a= f dAqgP(4q)V(q+Aq). (11) 


We are actually interested in the integral over- 
all space of the product of (11) with |¥(q)|?, in 
finding an energy shift 


f dq|¥(q) |(V(q+Aq))n 


™ f dq f dAqP(Aq) V(a+dq)|¥(q)|?. (12) 


Taking Aq and q’=q+Aq as variables of integra- 
tion we obtain for this average 


f dq’ V(q’) f dAqP(Aq)|¥(q’—Aq)|?. (13) 


We then see that by requiring only the weak 
condition that |~(q)|? does not have too large a 
curvature we can obtain for (13) 


f daV(a) { |¥(a) |2-+3((Aq)*)u V2] 0a) |2} 


= f daly (@l*{1+ (agar) VG). (14) 


The second line is obtained by an obvious inte- 
gration by parts. The second term represents the 
correction to the energy of the system and gives 
a result identical with that previously obtained. 


IV. LOW ENERGY COMPTON SCATTERING 


The general picture thus far developed can be 
used to give valuable insight into many interest- 
ing phenomena. We shall examine briefly several 
simple processes involving the interaction of elec- 
trons and radiation. In each case, the first non- 
vanishing approximation to the energy, or the 
second non-vanishing approximation to the 
transition probability will diverge if calculated 
on the usual theory. The preceding arguments 
concerning the Lamb shift strongly indicate that 
the physically real and finite parts of these di- 
vergences will always manifest themselves as a 
spreading out of the electronic charge and cur- 
rent by the fluctuation in position previously 
calculated. 
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As the simplest example of a phenomenon in 
which the position fluctuation modifies a transi- 
tion probability, we consider the non-relativistic 
Compton scattering. For simplicity, we consider 
the effect to be completely classical, since this 
must give the correct non-relativistic answer. A 
free electron executes a steady forced oscillation 
under the action of the incident light wave and 
emits a scattered light wave of the same fre- 
quency. The effect of the position fluctuation is 
twofold. The electron behaves now like a dis- 
tributed charge with a mean square radius 
{(Aq)?)w. It therefore interacts less strongly with 
the incident wave and radiates a weaker scattered 
wave. To find the magnitude of this reduction 
in the interaction between the electron and a 
light wave, we merely consider the change in the 
phase factor for the wave introduced by the 
averaging over the position fluctuation of the 
electron. This yields 


(expik- (q+ Aq) )a =expik-q(L1+7k-Aq 
—$(k-Aq)?+--+])w 
= expik-q[1—§k*(Aq)?)w], (15) 


where ( )4, indicates an average over the position 
fluctuation. The correction, as in the case of the 
Lamb shift, involves the product of the mean 
square position fluctuation with the Laplacian 
of the space function describing the interaction. 
We see that the amplitude of oscillation and the 
amplitude of the scattered wave will each suffer 
a fractional reduction equal to 


6k*((Aq)?)av. 


The resultant reduction will be twice as large 
and the reduction in the scattered intensity or 
cross section will be twice as large again, so that 
for the fractional change in cross section, we have 


(16) 


— $k (Ag)*)w 


4 2 =) , 
Mi 3a he\mc 


mc 
og——. 


"te 


(17) 


We argue that the angular distribution will re- 
main unchanged, since the scattering retains its 
dipole character. 

There remains the problem of determining the 
lower cut-off ko. We observe that frequencies of 
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fluctuation higher than the frequency of the light 
wave will effectively spread out the scattering 
charge, while frequencies below this limit will 
only displace the scattering charge bodily in a 
random fashion. We therefore place ko=k and 


obtain 
Ag 4 e (— =) og 
o 3a he oak 


We see that the correction goes to zero strongly 
at low frequencies, and that for quanta of two- 
hundred kilovolts energy, where the formula (18) 
is probably still adequate, the fractional decrease 
becomes about one part in two thousand. The 
increase with energy indicated in (18) cannot be 
expected to continue much farther, so that an 
experimental verification of the result (18) seems 
out of the’ question. 


(18) 


V. THE INTERACTION BETWEEN A SPIN 
AND A MAGNETIC FIELD 


A further interesting illustration of the utility 
of the viewpoint of this paper, as well as a useful 
example of its limitations, can be found in the 
effect on the Zeeman splitting of an atomic level 
produced by the interaction of the electron with 
the radiation field. In this case, fluctuations of 
the radiation field change the effective potential 
energy of interaction between the external mag- 
netic field and the spin and orbital magnetic 
moments of the electron. A simple calculation of 
the effect can be given by a method analogous to 
the one previously used. Consider a simple sys- 
tem which consists of an angular momentum 
with an associated magnetic moment. For defi- 
niteness we take the system to be an electron 
spin which is free except for the action of the 
fluctuations of the radiation field. Let (4/2)e be 
the angular momentum operator for the spin. 
Then the equation of motion for ¢ is 


(19) 


where B is the instantaneous magnetic field in- 
tensity arising from the field fluctuations. If we 
consider thee quation of motion for the quantum- 
mechanical expectation of ¢, we obtain the same 
equation, but with o@ interpreted as a unit 
classical vector. 





QUANTUM-MECHANICAL FLUCTUATIONS 


We solve Eq. (19) by making use of the fact 
that for vanishing e, @ is fixed in direction. We 
call the fluctuating correction to this fixed vector 
Ao and obtain 


ho =-——B Xe, 
mc 


(20) 


where @ is constant in time. We follow the same 
procedure used for obtaining ((Aq)?)« in the first 
section of this paper. This yields 


(de) ano “(-) J " Rdk, (21) 


Cm \me 


where ((Ac)?)4 is the mean square fluctuation in 
the unit spin vector. The upper limit of the 
integral has been made « rather than infinity, 
but the question of evaluating « will be deferred 
for the moment. 

We define the mean square angle of fluctuation 


(a6) 
((Ao)")m 7)" 2 e 
(20) a aE (—) an 


Now, as in the case of the Lamb shift, we find 
the effect of this fluctuation on the potential 
energy of the spin in a magnetic field. This energy 
is, if the external magnetic field has magnitude 
B and is in the Z direction, 

eh ehB 

——0o,B =——|e|cos6, 


(23) 
2mc 2mc 


where @ is the angle between the spin direction 
and the z axis. We see that the fluctuations 
merely affect the average value of cos. This 
effect can easily be found by the use of some 
simple spherical trigonometry. Let 6 be the angle 
between the z axis and the average spin direction. 
Let 6 be the angle between the instantaneous spin 
vector and the z axis. Let A@ and ¢ be the colati- 
tude and azimuth angles of the instantaneous 
spin vector with respect to the average spin vec- 
tor. The effect of the fluctuations will then be to 
replace cos@ in (23) by (cos), where the brackets 
indicate an average over the fluctuations of the 
spin vector. We have 


(cos@)w = (cos® cosAd+sin6 sinAé cosd)y. (24) 


The indicated average is easily performed by 
remembering that the average of cos@ must van- 
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ish because of the isotropy of the fluctuation. 
Furthermore, A@ will be assumed small so that 
cosAé is well represented by the first two terms 
in its series expansion. We obtain 


(cos4)a, = cos6[1 — 3((A8)?)w | 


— | | (25) 


mc 


= cosi| 


2ahe 


We then see that the correction to the orienta- 
tion energy of the spin consists in a reduction in 
the magnitude of the energy proportional to the 
energy itself. It is therefore convenient to think 
of the effect of the interaction with the radiation 
field as consisting of an alteration of the magnetic 
moment, pu, associated with the seu We have 

a 26 
m ~ Unhe 7 

In this case the lower cut-off in the integral over 
quanta is unimportant, since no contribution 
arises from small values of k. The magnitude of 
the effect is, however, correspondingly more sensi- 
tive to the value of the upper cut-off. We first 
consider the case where the magnetic moment yu 
is associated with the orbital angular momentum 
of an electron in an atom. Here the upper cut-off 
is supplied in a natural fashion by the fact that 
Eq. (19) is valid only for magnetic fields with 
wave-lengths so long that there is no serious 
retardation over a distance of the order of the 
atomic radius. We therefore set 


k=1/a=(e?/hc)(mc/h), (27) 


where a is an average orbital radius for a valence 
electron, taken to be equal to the Bohr radius. 
Equation (26) then becomes 


(Au/m) = — (1/27) (e?/he)*, 


so that for an orbital moment, the effect under 
consideration is completely negligible. 

The situation is different if we consider the 
case of the intrinsic magnetic moment of the 
electron. Here it must be assumed that the mo- 
ment can be concentrated to a radius equal 
roughly to the Compton wave-length of the elec- 
tron, since a wave packet consisting of positive 
energy states only and possessing a definite spin 
can be made to occupy a volume of this radius. 
Under these conditions, quanta with wave num- 


(28) 
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bers higher than mc/h will not act coherently on 
the spin and we have x equal to the reciprocal 
Compton wave-length. Hence, for a spin, Eq. 
(26) becomes 


Au/p= —e?/2rhe, (29) 


_ where the exact numerical factor is, of course, not 
to be taken too seriously. Unfortunately, al- 
though the magnitude of the correction seems, 
from recent molecular beam experiments,‘ to be 
nearly correct, the sign of the effect should be 
reversed. This unsatisfactory result of our quali- 
tative considerations is probably to be ascribed 
to our complete neglect of the relativistic nature 
of the electron: spin. By a careful relativistic 
calculation, Schwinger® has recently shown that 
the correct sign will indeed follow from a reason- 
able theory. The effective reduction in the mo- 
ment which is indicated by our simple non- 
relativistic theory seems to be more than com- 
pensated by an effective increase in the moment 
which arises, according to Schwinger, from the 
magnetic interaction of the electron with the 
filled negative energy states of the vacuum. 


VI. QUANTUM-MECHANICAL TREATMENT 
OF ((Aq)?) AND JUSTIFICATION 
OF THE LOWER CUT-OFF 

We shall now attempt to give a more formal 
justification for some of the assertions thus far 
made, and in particular we propose to give a 
rigorous quantum-mechanical meaning to the 
quantity ((Aq)?), which has thus far been rather 
loosely treated in an almost purely classical 
fashion. 

We begin by writing the Hamiltonian for an 
electron moving non-relativistically under the in- 
fluence of an electrostatic field and the radiation 
field. We neglect retardation in the interaction 
between the electron and the radiation field, and 
assume unit quantization volume for the field 


2 


Pp 
H=—+ V(q) +>. axtaxhck 
2m k 


J e < 2rhc\ * ” 30 
a: (==) (ex-p)(aetax*). (30) 


4J. E. Nafe, E. B. Nelson, one * I. Rabi, Phys. Rev. - 
R. 


71, 914 (1947); DE. Nagle, -R Ss. Julian, and J. 
Zacharias, Phys. Rev. 72, 971 (1947); P. Kusch and H. M. 
Foley, Phys. Rev. 72, 1256 (1947). 

5 J. Schwinger, Phys. Rev. 73, 416 (1948). 
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Here ~ and g are the vector momentum and co- 
ordinate of the electron, V(q) is the electrostatic 
potential energy, a,*+ and a, are the usual occupa- 
tion operators for a normal mode of the field with 
wave number k, and ¢; isa unit vector in the direc- 
tion of polarization of the quantum. Theterm in the 
square of the vector potential has been omitted 
since it does not affect the Lamb shift. 

The Hamiltonian (30) has been carefully 
studied by Pauli and Fierz® in connection with 
the resolution of the infra-red paradox, and we 
follow their treatment, in its essentials. We first 
rewrite (30) by completing the square indicated 
by the last two terms 


n= +v@+E[a*—-" <a (=)« | 


é 
x [a—— =< “) ex: p fick 
hck® 


naremneine <£ —e p)”. 


mc? k 


(31) 


The last term, which has been added to complete 
the square, is just Bethe’s subtraction term, as 
can be seen by replacing the sum by an integral 


2 lr ba 2e? 2 oo 


p 
© —(ex-p)*=— — 


mc? k k? 3a mc 


dk. (32) 


We now adopt the point of view that the Hamil- 
tonian (30) is incorrect and should be modified 
by the addition of the explicitly divergent term 
(32). The resulting theory should then be free 
from all divergences of classical origin. We write 
the Hamiltonian as 


2 


H=2-4+VQ@+¥ AstAshck, (33) 
2m k 


with A; and A,* defined by 


iia Vue 
hck® 


e 
hited m), 
hck? 


6 W. Pauli and M. Fierz, Nuovo Cimento 15, 167 (1938). 


(34) 











If we define new variables P and Q by 
P=p, 


Q= Pa > (= =) €x(ax—ax*), ™ 


mc k 


we see that the capitalized variables are related 
to the small variables by a contact transforma- 
tion. We write the Hamiltonian in terms of the 
new variables, replacing capital letters by small 
letters 


Pp? 1e 2ah 
=? v(a-— x —) ex(a.—as*)) 


+> atahck. (36) 
k 


It is finally convenient to change to field vari- 
ables which are the real coordinates and mo- 
menta of harmonic oscillators. We thus obtain 


2 


p 
—* V(qtAq)+>d 3(Pi2+c7k?Q,7), (37)? 
m k 


with 


oa See (38) 
mc k k 


The general character of the consequences of 
this Hamiltonian is easy to deduce. We assume 
that for all quanta with frequencies above ko, the 
corresponding radiation oscillators execute their 
unperturbed motion. Quanta below this cut-off 
will be arbitrarily excluded for the time being, 
and it will be further assumed, in order to avoid 
the necessity of discussing the infra-red paradox, 
that the limit ko is placed sufficiently high that 
no quanta can be emitted. The effect of the 
second term in (37) will then be only to produce 
elastic deflections of the electron. We see that in 
a calculation of the probability of such a deflec- 
tion, by the use of the Born approximation, the 
potential energy term in (37) is effectively re- 
placed by its average over the coordinates of all 
the radiation oscillators. This average can be 
easily calculated by considering the Fourier 


7 A similar transformation of the Hamiltonian seems to 
have been used by H. A. Kramers (unpublished). 
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transform of V(q). We take 


v@ = f d2.U(a)expir-4, 


V(q+Aq) = f d2.U(2) expir-q (39) 


4 IIexp (=n t(e,- =) ; 


To obtain the effective potential energy, we must 
average the product at the end of the integrand 
over the unperturbed Gaussian wave functions 
for the ground states of the radiation oscillators. 
The integrals are easily done, yielding 


(V(q-+4q))n= f d2.U(2) expir-q 


eshry? 1 
xTlew(—roray2(4)'* 
k hc\mc/ k® 
- fave) expta-q 
1esh\? 
xo -26(2) 
3m he \mc 
«dk 
Xx —*). (40) 
ko k 


This expression can now be rewritten in several 
interesting ways 


(V(q+Aq))a = f d24U(2) expira-q 
X exp — §A*((Ag)?)av 
=exp(§((Ag)*)wV*) V(q). (41) 


The differential operator appearing in (41) is in 
reality an integral operator which can easily be 
written-explicitly as 


V +A ) A | d 'Y f 


3| ae") 
—————- }}._ (42 
20( aan)“ 


The displacement kernel occurring in (42) is 
clearly just the distribution function for the 
quantity Aq, previously assumed in Eq. (11). [t 
is interesting to consider from our present point 
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of view the somewhat unexpected results en- 
countered by Pauli and Fierz in their treatment 
of the infra-red paradox by means of the Hamil- 
tonian (37). They found that the correction of 
order e? to the elastic scattering of a particle by 
the potential V diverged if no upper cut-off were 
made in the sum over quanta. They were able to 
show, however, that if the correction were calcu- 
lated exactly from the approximate Hamiltonian, 
the elastic scattering cross section became iden- 
tically zero, even though no quanta could ac- 
tually be emitted. Both results were difficult to 
understand at the time because the removal of 
the electromagnetic self-energy had presumably 
rendered the theory convergent. We now see that 
the residual divergence is just that occurring at 
the upper limit of the integral over quanta in our 
expression for the mean square fluctuation in 
position of the electron. To the order e?, the 
resulting infinite position fluctuation will give 
rise to an infinite correction to the scattering 
potential and therefore to the cross section. On 
the other hand, the integral operator (42) really 
has the effect of reducing the potential to zero 
if ((Aq)?)« is taken to be infinite. This gives zero 
scattering cross section in an exact calculation. 
Both difficulties will clearly be removed, as indi- 
cated in the last section of this paper, by the 
inclusion of recoil, which gives an automatic 
upper cut-off. It is, of course, necessary, as has 
been pointed out by Lewis,® to make the appro- 
priate subtraction for the electromagnetic self- 
energy just as has been assumed in obtaining the 
Hamiltonian (37). 

We now turn to the consideration of the sig- 
nificance of the lower cut-off ‘ko. From the Hamil- 
tonian (37), we can immediately arrive at a 
formal justification for our earlier intuitive argu- 
ments. We consider, for simplicity, the ground 
state of the system, which for vanishing e goes 
over into a state whose wave function is the 
product of the ground state wave function of the 
atom with the ground state wave functions for 
all the radiation oscillators. In order to obtain 
the Lamb shift for this state, we must calculate 
the energy change to the order e? produced by 
the term added to q in the argument of the poten- 
tial energy. This can easily be done and leads in 
fact just to Bethe’s result for the energy shift, 


8H. W. Lewis, Phys. Rev. 73, 173 (1948). 
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as it must. For our purposes, however, we observe 
that the radiation oscillators can be divided into 
those with frequencies higher than the character- 
istic frequency of the electronic motion and those 
with lower frequencies. The high frequency oscil- 
lators are not particularly affected by the coup- 
ling with the electron, and the part of the energy 
shift arising from them is to be considered as 
that due to averaging the potential energy over 
the unperturbed ground state wave functions of 
these oscillators. The low frequency oscillators 
are, according to the original form of the Hamil- 
tonian, to be thought of as driven by the elec- 
tronic motion rather than the reverse. 

To demonstrate the correctness of this view- 
point, we make a Taylor expansion of the poten- 
tial energy to the order e? and write the terms 
which appear as perturbations 


V(q+Aq) — V(q) 
1 
=~ (4m)! 5 -O,(er-v) V(q) 
mc kk 


+(4)4 [X Ox(er-w)PV(q). (43) 
2\mc . k asia wl 


The energy correction to the order e? can be ob- 
tained by considering the effect of the first term 
on the right-hand side of (43) in the second order 
of the perturbation theory and the second term 
in the first order. We obtain 


e\? h |(le-VV|n)|? 
aE=4x(—) ee 
mc k n 2ck® Ey—E,—hck 


14 _< . 0 Vy2ViO 44 
+4 “(—) E—l(ea-WV]0), 48) 





where the index m refers to the mth atomic state, 
and the unperturbed atomic state is denoted by 
the index 0. We then replace the sums over radia- 
tion os¢illators by integrals and do the integrals 
over the angles of k and the sum over polarization 
directions. The resulting expression is 


1eshy? cp*dk 
AE=—— —) f | (Olv2V10) 
3m he \mc o Rk. 


(0|VV|n)-(m|VV|0) 
» Eo—E,—hck 


The first term in (45) is immediately recog- 
nizable as the energy shift which would be ob- 
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tained by our original semiclassical argument if 
the position tiuctuation were taken to be that for 
a free electron. The assumption of course is al- 
ways to be made that the formally infinite upper 
limit of integration is in reality the reciprocal 
Compton wave-length. The second term can be 
given a simple interpretation by studying its be- 
havior for small and large values of k. We first 
assume that hck<|E y—E,|, where EF, is the 


energy of the lowest intermediate atomic state 


that occurs in the sum over n. We can then ex- 
pand the integrand of the second term in 
powers of k 


(0| VV |2)-(n|VV|0) 
n Eo—E,n—hck 








1 
=2> (019) -(n] VV|0)| — we 


+ sean! as 
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The first two terms in (46) can be simplified by 
the use of the equations of motion and the com- 
mutation relations. We obtain 


(0| VV|)-(n|VV]|0) 
n Eo—E,—hck 





= —(0|V2V|0) 


2ck 
FPO. (47) 


We then see that the apparent logarithmic 
divergence at the lower limit of the integral in 
(45) is removed. The largest surviving contribu- 
tion to the integrand for low frequency quanta is 
just the low frequency contribution to the class- 
ical electromagnetic self-energy. This cancella- 
tion will approximately persist until the series 
expansion used in Eq. (46) becomes poorly con- 
vergent, that is until the quantum frequency 
becomes comparable with the orbital frequency 
of the electron. For frequencies higher than this 
the situation will become quite complicated until 
the quantum energy becomes larger than the 
highest energy effectively occurring in the sum 
over intermediate atomic states. For quantum 
energies so high that the sum in the second term 
of (45) effectively converges before the denomi- 
nator begins to differ much from hck, we see that 
the importance of this term in comparison with 
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the first term decreases with increasing k. As a 
result of this limiting behavior of the second 
term for small & and large k, it is convenient to 
represent the energy shift by the expression 


ap=— = (— yf O|v?V|0), (48 
age (0| ), (48) 


where the lower limit ko is adjusted to give the 
correct value for (45). 

This effective lower cut-off can apparently be 
evaluated only by doing the indicated sum, but 
a useful general property can easily be deduced. 
For a harmonic oscillator, the sum over states 
reduces to a single term. The atomic energy 
difference occurring in this term is just that 
corresponding to the orbital frequency of the 
electron; the transition between the two limiting 
types of behavior for the sum takes place for a 
quantum frequency equal to the orbital fre- 
quency, and ck will therefore be very close to 
the orbital frequency. 

This simple behavior holds only for a harmonic 
oscillator. As the potential becomes more con- 
centrated near the center (approaching the 
Coulomb potential, for example), the matrix ele- 
ments of VV appearing in the sum over states 
will become important for states lying higher and 
higher above the unperturbed atomic state. The 
first terms in the sum will always have energy 
differences corresponding to the orbital frequency 
of the electron, but the first terms become rela- 
tively less and less important as we approach the 
Coulomb potential. The quantity ko, which 
marks the transition between the two limiting 
forms for the sum, will accordingly rise higher 
and higher above the orbital frequency. A careful 
evaluation of the effective lower cut-off for the 
case of the 2S level of hydrogen gives, according 
to Bethe,! a value of 17.8 Rydbergs or approxi- 
mately twenty times the orbital frequency. This 
seemingly high value is now not surprising in 
view of the foregoing arguments. 


VII. JUSTIFICATION OF THE UPPER CUT-OFF 


In this section we shall attempt to give a quan- 
tum-mechanical derivation of the expression for 
the mean square fluctuation in position. We shall 
include the effect of retardation but not the effect 
of relativity. In this way, the existence of the 
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upper cut-off in the integral over quantum ener- 
gies will be given some formal support. We 
assume the complete non-relativistic Hamil- 
tonian for a spinless charged particle coupled to 
the radiation field, but otherwise free 

2 


= ae =. a,ta,hck 
2m &k 


ied p 3 (~*) eon 


mc &k 


x ye expik-q++a,+ exp —ik-q) 


2rhc 
r (=F) 
+Ix k 


2 
X (a, expik-q-++-a,+ exp —7k- | . (49) 





In analogy with the semiclassical derivation 
given in the first part of this paper, we assume 
an electron at rest and calculate its motion in the 
first approximation under the action of the 
coupling with the field. The unperturbed wave 
functions for the problem are’ 


exp (iP -q) 
(V)} 


where.P is the wave vector for the wave function 
of a free electron with definite momentum and 
(ki, ke, «+ +) is the wave function for the radiation 
field with the indicated quanta present. The zero- 
order wave function has no quanta present and 
has in it a range of electron momenta, so that 
the position of the electron can be approximately 
given. We have 


(Ki, Ke, ---), (50) 


exp(iP-q) 
=¥ Ap———(-»). 
P (V)} 
The electron density, averaging over the coordi- 
nates of the radiation oscillators, is 


exp((P—P’) -q) 


(51) 


(52) 
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ge os 

We now assume that the coupling between the 
electron and the radiation field is turned on. 
Each wave function occurring in the sum (51) 
will be perturbed, and the electron density (52) 
will be accordingly altered. We proceed to calcu- 
late the perturbed density to the order e*. The 
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third term in our Hamiltonian will enter to the 
first order in the correction to the wave function. 
It cannot enter to the second order, since this 
would either lead back to the zero-order wave 
function, or to one referring to two quanta, which 
is orthogonal to the zero-order function and will 
therefore give no contribution in the averaging 
over the radiation field coordinates. The last 
term in the Hamiltonian gives no contribution 
for the same reason. It is interesting to note that 
any subtraction term added to the Hamiltonian 
to render the theory convergent will give no 
contribution for the same reason again. A second- 
order correction to the wave function does, how- 
ever, arise from the renormalization necessitated 
by the first-order correction. 

The wave function referring to definite electron 


momentum becomes 
“2(=). 
Ep— 


exp(z(P—k) -q) eh? 
(vi (k) — 
(e,-P)? exp(iP- D. 
. (Ep—Ep.—hck)? (V)* 
The averaged electron density then becomes 
exp(i(P—P”) -q) 


(e,-P) 

Ep_4—hck 
2rhc 

x kV 


2m?c? k 


expiP-q a. 
( “He 








*+). (53) 








x u Ap'*Ap 


r= <( 
k RV \Ep 
e,:P’ 2 
_ ) |. (54) 
Ep: —Ep:_,.—hck 


We now assume that P and P’ are always small 
compared with the reciprocal Compton wave- 
length. The energy denominators become 


WP? h?(P—k)? 


2m 2m 


hk hk-P 
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The last term in (55) is always very small com- 


pared with the first term, so we shall ignore it. 
The electron density becomes, changing the sum 
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to an integral and doing the sum over polariza- 
tions and the integration over angles, 


exp(1(P—P’) -q) 
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This can be rewritten in a more transparent form 
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From this we see that the effect of the coupling 
between electron and radiation field is to spread 


out the electron density function, the mean 
square spreading distance a: 


(4a) == —(—) [- (- 5 


22 ~\If- 
en 
ron) 
+f vomauneabat 
0 ky? 
k 


i 


1167 


We make our usual assumption that only fre- 
quencies above some lower cut-off Ro are effective 
when the electron is bound, and therefore omit 
the second term in (58). The integral over k can 
be performed without difficulty, yielding 


(59) 


(20) ==—(— —) (oe 


where e¢ is the base of the natural logarithms. We 
therefore see that the inclusion of the retarda- 
tion leads to an upper cut-off which is about 
three quarters of the crude value (x) originally 
assumed.? 

The derivation just given has some attractive 
features. It gives a convergent result for the 
physically meaningful part of the reaction of the 
field on the electron, without the necessity of 
subtracting two infinite terms. The result (59) 
suffers, however, from the obvious disadvantage 
that a non-relativistic Hamiltonian was used to 
obtain convergence in a region where the non- 
relativistic assumption is clearly seriously in 
error. It would seem to be of the greatest interest 
to apply the method just used to the calculation 
of ((Ag)?)w in the hole theory. Such a procedure 
is seen to be scarcely unambiguous, although it 
is apparently again possible to obtain the phys- 
ically interesting results without the introduction 
of the usual subtraction terms. It is hoped that 
this point can be treated in detail in a later paper. 
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In regular crystals, the width of the absorption lines 
arising from the magnetic moment of the electron or 
nucleus is caused primarily by the interaction between the 
magnetic dipoles. It is prohibitively difficult to determine 
the precise shape of the absorption line theoretically, but 
the invariance of the diagonal sum in quantum mechanics 
permits the calculation of the second moment of the fre- 
quency deviation, and hence the r.m.s. line breadth. The 
latter agrees excellently with the observations of Pake and 
Purcell on the magnetic absorption of the F nucleus in 
CaF», both in absolute magnitude, and in the dependence 
on the direction between the magnetic field and the 
principal cubic axes. The fourth moment was also com- 
puted to examine how good an approximation is the 
conventional assumption of a Gaussian shape. As long as 
no exchange is present (the nuclear case) the Gaussian 
model is moderately good. For the 100 direction in a cubic 
crystal, the theoretical ratio of root mean fourth to root 
mean square breadth is 1.25. Pake and Purcell’s measure- 
ments yield 1.24. A Gaussian model would require 1.32. 


The theory is extended to include crystals with two kinds 
of spin moments (two types of nuclei, or simultaneous 
nuclear and electronic spin). Coupling between unlike 
moments is less effective (by a factor 3 in the r.m.s. width) 
than that between like in broadening the lines. 

In the paramagnetic absorption caused by electronic 
spin, it is imperative to include the effect of exchange 
coupling. This interaction does not contribute to the 
second moment, but greatly increases the fourth. As a 
result, the lines are peaked much more sharply than one 
would compute from the second moment with the Gaussian 
model for line shape. This ‘exchange narrowing’’ explains 
why microwave paramagnetic absorption lines are much 
narrower than one first conjectures from the amount of 
dipolar coupling. 

The theoretical calculations are given in Sections II-IV. 
The final,sections V—-VI give the comparison with the 
experiments of Pake and Purcell, and with the model of 
Bloembergen, Purcell, and Pound, for r-f absorption in 
liquids. 





I. INTRODUCTION 


HE present paper! deals with the broadening 
of the absorption lines of crystals by dipolar 
interaction, with emphasis primarily on the r-f 
and microwave regions. The theory is much 
better tested by measurements in these domains 
than at ordinary optical wave-lengths since with 
the latter the line broadening is exceedingly 
small compared to the proper frequency and also 
it may not be safe to neglect, as we do, the 
influence of Doppler and radiation broadening. 
We shall deal exclusively with media in which 
the atoms are regularly spaced, i.e., with 
crystals. The material may, however, be either a 
single crystal or a powder. The broadening which 
we consider is caused essentially by the mag- 
netostatic interaction of the atomic dipoles, and 
is hence ‘‘adiabatic” in character. The mecha- 
nism is thus quite different from that in gases, 
where non-adiabatic collisions are the main 
factor, as shown in the theory of Bloembergen, 
Purcell, and Pound.? 


1A preliminary account of the present paper was given 
at the 1947 Chicago meeting of the American Physical 
Society. For abstract see Phys. Rev. 73, 1229 (1948). 

2N. Bloembergen, E. M. Purcell, and R. V. Pound, 
Phys. Rev. 73, 679 (1948). 


We shall assume throughout that the moments 
responsible for the absorption are magnetic, and 
arise from spin, be it nuclear or electronic. The 
influence of the crystalline electric field will be 
neglected, and the material will be supposed 
non-ferromagnetic. This procedure is well war- 
ranted in experiments on nuclear resonance ab- 
sorption. The effect of the crystalline Stark effect 
on the absorption by electronic spin will be 
examined in a later paper. In another article the 
theory will be extended to the ferromagnetic case 
to provide a microscopic derivation of the Kittel 
formula for the resonance frequency. 

The energy terms attributable to magnetic 
spin-spin interaction and to application of the 
external constant magnetic field will be called, 
respectively, the dipolar and Zeeman energies. 
We believe that these names are less ambiguous 
than the word magnetic, which can relate to 
either term according to the usage of the author. 
It will be supposed throughout that the applied 
field is sufficiently large that the dipolar inter- 
action is small compared to the Zeeman member. 
This condition is fulfilled at the field strengths 
used in most experiments on resonance absorp- 
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tion at the Larmor frequency. The resonance in our calculations, as it commutes in matrix 
wave-lengths are ordinarily in the r-f or micro- multiplication with the Zeeman term, so that 
wave region according as the spin is nuclear or both energies can be simultaneously diagonal. 
electronic. In a later article, Miss Wright will The mathematical theory will be developed in 
extend the theory to the case of non-resonant Sections II, III, and 1V. Comparison with ex- 
absorption at very low frequencies such as are periment will be made in Section V, and readers 
used in the Dutch experiments on paramagnetic not interested in theoretical calculations may 
relaxation. wish to proceed directly to this section. In 

An important feature of the present paper is Section VI a qualitative comparison will be made 
the inclusion of exchange interaction. Except for with the theory of Bloembergen, Pound, and 
the exclusion of ferromagnetism, no restriction Purcell on relaxation phenomena in gases or 
need be made on the size of the exchange coupling __ liquids. 





II. CALCULATION OF THE MEAN SQUARE ABSORPTION FREQUENCY 


We shall suppose that the constant magnetic field H is applied in the z direction, and that the 
oscillating field whose absorption is being studied is along the x axis. Because of the dipolar inter- 
action, the absorption is not strictly monochromatic at the frequency Hg@/h, and the present paper 
attempts to estimate the amount of the diffusion. Here and elsewhere, 8 denotes the Bohr magneton, 
nuclear or electronic as the case may be, and g is the corresponding Landé factor. 

The Hamiltonian matrix is 


5 = HgB2jS2j3+2i>jA jxSj-Set+g°B*Ze>jLr jx *(Sj- Se) — 374 (r je S;) (Te Sx) J. (1) 


Here the first, second, and third members are, respectively, the Zeeman, exchange, and dipolar 
energies. The symbol Sz; denotes the z matrix-component of the spin angular momentum (electronic 
or nuclear) of atom j, measured in multiples of the quantum unit 4/27. All atoms are assumed to 
have the same g-factor, and same spin quantum number S. This restriction will, however, be removed 
in Section IV. We make the usual assumption that the exchange coupling can be calculated on the 
basis that the atoms are effectively in S states, so that the exchange term has the isotropic. form 
proportional to the scalar product of the two spins. If each atom has z electrons not in complete 
shells, and if these electrons are treated as equivalent, then the constant of proportionality in the 
second member of (1) is connected? with the usual exchange integral J;, by the relation A ;,= —2z7J x. 
The exchange interaction is present only in the electronic, and not in the nuclear case since the 
orbital exchange energy is correlated by the exclusion principle with the alignment of electronic 
rather than nuclear spin. 

For our purposes it is advantageous to use a system of quantization in which -the z component of 
spin is diagonal. In order to exhibit more clearly the effects of this quantization, we write scalar 
products such as r;,-S; in the explicit form 7jx(ajxSz;+8jeSuj+7jeSz2;), where ajx, Bj, Yi, are the 
direction cosines of rj, relative to the x,y,z axes. When this is done, Eq. (1) becomes 


H = HgBDj;S2j +Ve>jA jSj-Se+Zi>djg?B7r jx {S5- Si — Fy jn2S2j Sen —F (arn? +B jn?) (Si4Se_-+Sj-Si+) } 
+ Dear ig?B?r in { — 3 (ajn? — Bin?) (Si4-Se¢ +S¢—Se_) + Fier jn jn (S54Si4.— S3-Se_) 
— dyin (oj — 1B jn) (Si4Ser+S25Se4) — Prine +4Bjx) (Sj-— See +SejiSe_)} J. (2) 


Here we have used the abbreviations S;,, S;. for the combinations Sz;+75y;, S2;—aSy; which are 
introduced in order to simplify the selection rules. Namely, the selection rules for S;,, S;- are, re- 
spectively, AM;=+1, 4M;=-—1 and hence are sharper than those AM;==+1 for Sz; or Sy;. Here 
M; is the magnetic quantum number for atom j, supposed individually space quantized relative to 
the z axis. We shall use the letter M for the total magnetic quantum number 2;M;. 


3 For a discussion of the dependence of exchange energy on spin alignment, see, for instance, J. H. Van Vleck, The 
Theory of Electric and Magnetic Susceptibilities (Oxford University Press, 1932), p. 316 ff. 
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Were it not for the portion of (2) inclosed in 
heavy brackets, the z component of total angular 
momentum, i.e., 2;Sz;, would be a constant of 
the motion, and would be specified by the usual 
total magnetic quantum number M. The x 
component of magnetic moment would then 
conform rigorously to the selection ruleAM = +1, 
and the absorption would be entirely in the 
vicinity of the Larmor frequency g8H/h. The 
inclusion of the bracketed part of (2) introduces 
matrix elements in the Hamiltonian function of 
the type AM=+1, +2. The addition of these 
elements makes the selection rule AM=-=+1 for 
the x component of moment cease to be rigorous. 
As a result, transitions of the form AM=0, +2, 
+3 are allowed, corresponding to changes in 
Zeeman energy amounting to 0, 2g6H, 3g6H. 
(Still larger changes in M are allowed if the 
perturbation calculation is carried further, but 
the intensity is so low as to be negligible.) The 
subsidiary lines whose frequencies are near 0, 
2g8H/h, 3g8H/h are not those of interest to us, 
and so we shall henceforth drop the bracketed 
part of (2). This omission is not to be regarded 
as merely a simplification. Retention of the 
omitted part of (2) would, in fact, be com- 
pletely erroneous in the ensuing computation of 
various mean powers of the frequencies by the 
commutator method. If the commutator with 
the complete Hamiltonian were used, we would 
include the contribution of the lines centering 
about 0, 2g8H/h, 3g8H/h as well. Then we could 
not use the departure of the mean square fre- 
quency from g?6?H?/h? as a measure of the mean 
square line breadth of the main line. The sub- 
sidiary lines are, to be sure, much fainter than 
the primary Larmor component, but differ so 
much from the latter in frequency that their 
contribution to the mean square frequency devi- 
ation is of the same order as the mean square 








0 eBH|h 


_ 2g8H|h 3g8H/h 


Fic. 1. Schematic illustration of main and subsidiary 
absorption lines. The dashed curve indicates how the 


shape of the main line is distorted by exchange coupling. 
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breadth of the dominant line. The situation is 
illustrated schematically in Fig. 1.4 

Let the letter denote the characteristic 
values of the expression (2), exclusive of the 
bracketed part, which is henceforth supposed 
omitted. Also let (Sz)nn be the matrix element 
of S,=2,;Sz; which connects the states m and n’. 
The corresponding frequency is, of course, 
Van' = (Hn—KHn’)/h. Then by definition the mean 
square absorption frequency, i.e., the frequency 
computed by weighting each fine-structure com- 
ponent with the associated squared amplitude, is 


Zn, n’ {Vnnr? (Sz) nn’ * 
(v2) = . (3) 
Zn, n’ | (Sz) nn’ | . 











The trick is now to note that both the numerator 
and denominator of (3) can be expressed as 
diagonal sums. If the notation Tr be used for 
the trace or diagonal sum, then (3) can be 
written as 


(v2) = —Tr[3CS2—S23C]?2/h?Tr(Sz)?. (4) 


The great advantage of (4), which provides the 
standard method for computing mean square 
frequencies, is that the invariance of the diagonal 
sum makes it unnecessary to know the individual 
characteristic values %,. Instead the diagonal 
sum can be computed in an arbitrary system of 
quantization, most conveniently one in which 
each spin is individually space-quantized. It 
would, of course, be hopeless to try and compute 
the various characteristic values %,, since the 
number of them is comparable with the number 
of atoms composing the crystal. Rigorously, 
these characteristic values form a discrete rather 
than continuous manifold. When, however, there 
are 10” or so fine-structure components to a line, 
it has effectively a continuous structure, as 
sketched in Fig. 1. 
The retained part of (2) can be written as 


K= HgB>jS2j+2x>;A jxSj ‘S: +2 i>jB jn Sz;  Szx, 
: (5) 


‘A sketch similar to Fig. 1, except for the exchange 
modification, is given by L. J. F. Broer in his thesis, 
Amsterdam, 1945, and also in Physica 10, 801 (1943). 
Broer discusses the orders of magnitude of the intensities 
and breadths of the main and subsidiary lines, but does 
not essay a quantitative calculation of the r.m.s. width. 
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with 


Ap =Ant ee rn (ire —3), Be=—3g6*ra[$ra?— 4). (6) 

The reader should be careful to distinguish between the symbols A, and A,,. Both appear as coef- 
ficients of the scalar product S;-S,, but Aj, embodies the effect of exchange alone, whereas A jx 
also contains a dipolar contribution. The distinction can perhaps be remembered most easily by 
thinking of the wavy line as indicative of the transposition involved in exchange. Any coefficient 
without this line above it does not arise solely in virtue of exchange coupling. All B coefficients are 


purely dipolar in origin. 
The scalar product S;-S,; commutes with S,=2,;Sz;. Hence the second member of (5) has no 
influence on (v?)w. As a result we can conclude that exchange has no effect on the mean square ab- 


sorption frequency. 
We can evaluate traces in (4) with the aid of the familiar commutation and trace relations, viz., 


Sz; Suz — SypSzj = jk D2 jt, TrSz;?=3S(S+1)(2S+1)%, TrSz;=0, (7) 


where S is the spin quantum number of an individual atom. The traces over the different atoms 
can be computed independently. Thus 


TrSzjSzx = TrSz; =TrSx,= 0G cad k) > ee. 
Proceeding in this fashion, we find that 
Tr(Sz)?=3NS(S+1)(2S+1), (8) 


HS2— S25 = Hg Bir ;Syj +i2e>;B jx (Svj Sex + Sunes), (9) 
—Tr(#HS,—S,5C)?/(2S+1)*% =4Ng262H?2S(S+1) +(2/9)S2(S+1)*2i>;By?, 


where JN is the total number of atoms in the crystal. 

One can easily convince oneself that the line structure (apart, of course, from the usual powers of v) 
is symmetrical about a center located at the Larmor frequency Hg8/h. This statement can be proved 
from the fact that to every characteristic value of the expression (5), there is another one wherein 
the Zeeman energy is reversed in sign, but in which the dipolar and exchange energy is unaltered. 
Hence every fine-structure component on the high frequency side of Hg8/h has a mirror image on 
the other side, with the same line strength, since the transition probability is unaffected by consistent 
reversal of the sign of the magnetic quantum number. Thus it follows from (4), (8), and (9) that 
the mean square deviation of the frequency from' the Larmor value is 


(Av?) = ((v — gBH/h)?) = (¥?)w — 2°87? /h? = 3S(S+1)h-72 Br", (10) 


with B;, defined as in (6). We suppose all atoms similarly situated, so that the sum at the end of 
(10) is independent of }. 

If the crystal has cubic symmetry, it is found that when the definition (6) of the B,, is used, the 
expression (10) becomes 


(Av?) = §e'B4-*La+b(Ar +A2*+As‘) JS(S+1), (11) 


where Ai, 2, A3 are the direction cosines of the applied field H relative to the principal cubic axes 
X, Y, Z. The constants a, 6 are independent of dj, A2, As, and have the values 


@= Ler jn8C7 —9 (mint tot t+ én), b= Ler [—9 +15 (uj + ont +é)]. (12) 


Here pjx, vj%, &j, are the direction cosines of rj, relative to the X, Y, Z axes. For a simple cubic lattice, 
the sums over k are readily computed, and (11) becomes 


(Av?) y = 36.8g48th-2d-°[4.S(S+1) JL(Art +a! +23") — 0.187]. (13) 
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Here d is the spin-lattice constant, i.e., the distance between neighboring magnetic atoms located 
on a simple cubic grating. (Our constant d need not be the same as the conventional lattice constant, 
since there may be intervening atoms devoid of spin which are irrelevant for our problem.) 

With a powder, rather than single crystal, we can replace the powers of the direction cosines by 
their averages over a sphere, and then (11) reduces to 


(Av?) py = 324B*h-S(S+ 1) Dr i-*. (14) 


It may be noted that the value (Av?) is larger by a factor ($)? than it would have been had we 
computed this quantity in a naive fashion by erroneously assuming that because of the Larmor 
precession only the z component of moment of each atom is effective in the interatomic. coupling. 
In other words, if we had assumed that the effective dipolar part of (2) was 2,>5228?7 3,3(1 — 374?) SzjSzz, 
the values of the constants a and bd in (11) would be 4/9 as great as given by (12). This fact has 
already been demonstrated by Bloembergen, Pound, and Purcell.? When only the z components of 
moment are retained, the calculation becomes particularly simple, as it is then essentially mag- 
netostatic rather than quantum-mechanical. Unfortunately the higher moments, say (Av), cannot, 
in general, be correctly obtained by multiplying the results obtained with the simplified model by 
a factor (#)". 

Our formula (14) for the mean square frequency deviation in an isotropic medium or powder is 
exactly 3/10 as large as the corresponding expression which Waller® derived for the mean square 
frequency in the absence of any external field. Waller used the same method as ours, except that. in 
the numerator of (4) he took the commutator of S, with the complete Hamiltonian function (1) or 
(2), inclusive of the bracketed terms. In his case, the inclusion of the bracketed terms was, of course, 
appropriate, since without the external field the separation into different frequency bands in 
accordance with the harmonic of the Larmor frequency is no longer relevant. By a very slight ex- 
tension of Waller’s calculation, it can be proved that in an applied field of arbitrary strength, the 
mean square frequency, inclusive of all lines, is equal to g?8?H?h-?+10(Av?)y/3, where (Av*)y is 
given by (14). In strong fields, the subsidiary lines, of frequencies approximately 0, 28H/k, 38H/h, 
make a contribution 7(Av?)/3 to this mean square. This contribution-«is independent of H because 
in strong fields, as Broer* has noted, the amplitudes of the “‘forbidden”’ lines are inversely propor- 
tional to H, whereas the frequencies are approximately linear in H. In weak fields there is, of course, 
no essential distinction between the main lines and the subsidiaries or harmonics. 

The usual assumption is that the frequencies have a Gaussian distribution 


F(v) =[1/2a(v?)w }* expl — (»— g8H/h)?/2(Av?)w]. (15) 


Then the full “half-width,” i.e., twice the deviation in frequency from the central value at which 
the intensity has dropped to half its maximum, is 


Av; =2(logv2)*v2[ (Av? )w ]?= 2.350 (Av?) ]?, Avm.si. = 20 (Av?)a, J}. (16) 


We also include in (16) the formula for the frequency separation Av,.s1. of the two points of maximum 
slope (df/dv) max in the absorption curve. 

One of the main points to be made in the present paper is that extreme caution must be exercised 
in using (15). A good idea as to the applicability of (15) may be formed by reckoning out the fourth 
moment, as we shall do in the next section, and examining whether it comes at all near to being equal 
to 3[(Av?)w ]?, as (15) would require. We shall see that if exchange forces are important, (15) is 
necessarily far from the truth. On the other hand, in the case of nuclear resonance, where exchange 
does not enter, the error involved in (15) is not so serious. 


5]. Waller, Zeits. f. Physik 79, 380 (1932). 
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III. CALCULATION OF THE MEAN FOURTH POWER OF THE FREQUENCY 


We now proceed to the more difficult calculation of the fourth moment. The standard formula,® 
analogous to (4), for the mean fourth power of the frequency is 


hv) =TrLaeU — Use]}?/Tr(S2)?, (17) 
where U equals 30-S,—S,35 and in our case is given by (9). Using the commutation rules (7) one finds 
KRU-— UK = + H?g?8?d ;Sxj;+-Li>; { [jk ]+(Ck7] } + Ze>s{ [ikl ]+(klj]+(lik] } ’ (18) 


where 


[jk] = 2H gBB j,S2jS2n +B j.?2S2jS2x? +A j.B ie. — S25 Sx~S 24, + SypSyj S25 — Sy? Sz + S2j;S27 |, 
[jkl] = 2B. BrrS2j;Sx-Sat+[ —ByA je+BrrA jx —ByjArit+BjA er J[S2SexS21— SvjSxSvr], 


with A ;,=Ax;, Bj,=B,; defined as in (6). 
Since the frequencies are symmetrically distributed about a centroid g8H/h, the relation (v*), 
= ((g8Hh-'+Av)*)w gives 
(Av*) wy = (v4) 5, — 6H12g?B2h-?(Av?) 4, — H*gtBth-, (19) 


In order to work out the trace in (17), it is necessary to use, besides (7), relations such as 
TrSzf = TrSz;?Sy;=0, TrSzpSyjSej= 3¢S(S+1)(2S+1)%, 
TrSej = §[S°(S+1)?-§S(S+1) ](2S+1)%,  TrS2j?Syj? = $13S27(S+1)?+§S(S+1) ](2S+1)*. (20) 
With the aid of the preceding formulas, it is finally found that 


W(Av*) y= N-2;, , 14 (3B jx? Bj? +2A j2(Bjr— Bur)? +2A jAui( Bj — By) (By —Ber) 
+2A jB jx(Bjr— Bei)? ][4S(S+1) 2? +2N 2p; {But $LS°(S+1)?—-§S(S+1)] 
+2ByFA je: $[3S27(S+1)?—$S(S+1) ]+3Bjx7A x?L$S2(S+1)?-§S(S+1)]}. | (21) 


Here the notation j, k, /~ means that none of the indices are to be equal. There are thus six times 
as many terms in the triple sum in (21) as in the type 1>k>j employed in (18). The ¥ convention 
makes it possible to write (21) more compactly than otherwise. In (18), however, it was desirable 
to use the > rather than ~ scheme in order to exhibit clearly the fact that terms differing by simple 
permutations must be added before rather than after squaring. 

An interesting check on the arithmetical correctness of (21) is that all terms involving the A’s 
cancel if S=}3 and if, in addition, all the B;,, etc., are formally given a value B independent of the 
subscripts. Under these restrictions, simple general considerations show that the exchange terms 
(i.e., those proportional to A ;,) should have no effect on the spectrum. Namely, the exchange energy 
YA nS;-Sg (or equally well the energy 245;A S,-S; defined by (6), which contains in addition a 
dipolar contribution) commutes with 2;Sz; or 2;Sz;, and hence with the Zeeman energy,‘as well as 
with the dipole moment responsible for the absorption. This energy also commutes with the remaining 


dipolar Hamiltonian 
B2x>jS2j Sez = ZBL (ZjSzj)? —ZjSz77], 


if S=4, for then Sz;? has the unique value 3, making the term 2;Sz;? merely an additive constant. 
Hence the exchange energy can be diagonalized without affecting in any way the matrix elements 
relevant to our absorption problem, and should hence not be involved in the moments of any order. 
As soon as B;, depends on the subscripts, this statement is no longer true, for then the exchange 
energy does not commute with the dipolar part of the Hamiltonian. 

The fact that (21) contains terms of the form A?B? and AB', rather than just B‘, shows that the 
exchange (i.e., A) terms influence the fourth moment, even though they do not enter in the second 
moment. This behavior is possible only if the absorption tapers off less sharply in the wings than the 


* Compare, for instance, I. Waller, Zeits. f. Physik 79, 381 (1932). 
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Gaussian distribution would predict, but at the same time is peaked more sharply in the immediate 
vicinity of the center of the line, so that the original value of the mean square is unaltered. The half- 
width, and also the width between the points of maximum slope, is then smaller than given by (16). 
A rough, schematic illustration of the situation is given in Fig. 1; here the solid and dashed curves 
are, respectively, exclusive and inclusive of the effect of exchange coupling. It is thus not surprising 
that experimentally (see Section V) the absorption lines caused by electronic spin are often sharper 
than one would predict from dipolar interaction alone. Just how much the “exchange narrowing’”’ 
amounts to cannot be inferred just from the second and fourth moments alone, since a detailed 
theory of the line shape which we do not have at present would be necessary. We shall allude to this 
question briefly in Section VI. 

Explicit Computation of the Fourth Moment for a Simple Cubic Lattice. In order to evaluate (21) 
more explicitly, we shall assume a simple cubic grating, since this is the simplest to calculate, as 
well as one of the commonest to occur. We shall, for the present, neglect terms of the type AB?, 
and also the purely dipolar contribution to the fourth moment, as sums of the type AB? or B¢.will 
be small compared with those of the A?B? variety if exchange is preponderant. When this order of 
approximation is made, we can replace Aj, by A, (cf. Eq. (6)), thus making the A terms arise entirely 
from exchange. We shall make the usual assumption that the exchange coefficients Aj, are negligible 
except between neighboring atoms, and have a constant value A when 7 is a neighbor of k. We shall 
furthermore disregard the dipolar terms connecting atoms separated by distances greater than 2d, 
where d is the grating spacing. The resulting error amounts to only a very few percent, since the 
sums converge rapidly. The distance occurs to the inverse sixth power in expressions of the type 
A*B?, inasmuch as B~r-—*. Furthermore in (21) the great bulk of the long-range terms in A°B?, i.e., 
those in the triple sum, involve only the difference of the B’s sharing the same terminal atom, and 
then the convergence is even better, since (Bj:—Byi)?~rj;-* as rj: ©, if k is a neighbor of 7. In 
calculating grating sums, it is highly advantageous to have only such differences involved, and it 
is for this reason that we have grouped the terms in the way that we have in (21). 

When the summations in (21) are explicitly performed with the simplifications mentioned in the 
preceding paragraph, it is found that . ° 


h*(Av')y = 4.9 X 10%gtatd-*A°[3S(S-+1) PLA + Ast +s! — 0.187] 
+ igtatd*F°[ $5541)! 3S(S+1)] 81D att Mt—4], (22) 


where d is the spin-lattice constant, i.e., the distance between neighboring magnetic atoms. 
If the Gaussian assumption (15) were valid, the value of (Av*) would be 3[ (Av?) ]?. The formula 
for (Av?) is given in (13). Hence 


(Av), 0.124? 
3[(Av?)w]? gtetd-* 


In calculating this ratio, we have omitted the contribution of the second line of (22), which is smaller 
than the first and which vanishes entirely if S=4. The value of A at which the ratio (23) equals 
unity is a measure of amount of exchange coupling required to distort the shape of the line appre- 
ciably. (In this connection it should be remembered that the numerator of (23) omits the purely 
dipolar contributions which alone are sufficient to give a ratio about unity.) Simple dimensional 
examination of (21) shows that this critical value of A is given by a formula of the type A =cg*6?/d?, 
where c is a dimensionless constant. From (23) it is seen that the value of ¢ will depend on direction. 
When the field H is along the 100 axis (X axis), c equals 2.6, while for the 111 direction c becomes 1.1. 
The phenomenon of ‘‘exchange narrowing’”’ should hence be somewhat more pronounced for the 
111 than the 100 application of the field, but the resulting anisotropy in the line shape is. probably 
not large. (Incidentally, it appears to be purely an accident that ‘the subtractive constant is 0.187 
in both (13) and the first line of (22).) 


[rit Aet+Ast—0.187]-1. (23) 
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We have tacitly supposed that dipolar interaction alone does not cause significant departures from 
the Gaussian distribution. This assumption may be tested by calculating the fourth moment by 
means of (21) with omission of all but dipolar terms. In this connection, it should be noted that in 
(21) the dipolar coupling not only enters through the B constants, but also through the A’s, since 
by (6) the value of A; is —$B,, when there is no exchange. Thus it is no longer allowable to neglect 
all the Aj, except those joining neighboring atoms, although such terms have a distinctly dominant 
effect. When Aj, is replaced by —3B,x, the expression (21) can be written 


(Av*)w = (3(2.B 547)? — 3 NZ n1%B e?(B yj — Bur)? — $2.B yp! [8+3(S?+S)]} {$S(S+1)}% (24) 


If only the first right-hand member were present, the fourth moment would have precisely the 
Gaussian value. Even for a simple cubic lattice, explicit evaluation of (24) would be laborious for an 
arbitrary angle between the applied field and the principal axes; also the angular dependence in the 
resulting analytical formula would be cumbersome, involving the direction cosines to the eighth 
rather than fourth power as in (22). We have therefore calculated (24) for a simple cubic lattice for 
the special case that H is directed along the 100 axis. Then we find that (24) becomes 


(Av*)w = 30 (Av?)a ]?£1 — 0.160 —0.021(.S?+.S)-*]. (25) 


If S=4, Eq. (25) yields a root mean fourth deviation [(A»*)y ]*, which is 1.25 times the root mean 
square [ (Av?) ]#. With a Gaussian distribution, the ratio would be 1.32 instead of 1.25. The de- 
partures from Gaussian form caused by pure dipolar interaction are thus not great. They tend to 
blunt the absorption curve, rather than peak it more sharply as the exchange corrections do. For a 
rectangular shaped curve, the ratio would be 1.16. 

Rough numerical examination of (24) for the case that H is along the 111 direction indicates 
that for this orientation the departures from the Gaussian form are smaller than for the 100. The 
ratio of the root mean fourth to root mean square deviation is about 1.30. 

If exchange effects are present, and if H is directed along the 100 axis, the fourth moment is the 
sum of the expressions (22) and (24), with A1=1, A2=A3=0 in (22). The existence of terms of the 
form AB* when (6) is substituted in (21) implies that this additivity is not. rigorous. However, the 
contribution of the terms of structure 4B* turns out to be small, and may be considered zero within 
the accuracy to which we have evaluated the grating sums. 


IV. CALCULATION FOR A CRYSTAL WITH TWO MAGNETIC INGREDIENTS 


It is not difficult to extend the analysis to a grating which contains two different types of atoms, 


having, respectively, g-factors g and g’, also spins S and S’. This situation arises when the crystal ~ 


contains two species of atoms, both with nuclear (or both with electronic) spin. A further example 
of particular interest is encountered when a small percentage of atoms with electronic spin is added 
to a crystal whose nuclear resonance is being studied. 

With two ingredients, it is necessary to distinguish which type of atom is active in the resonance. 
Without loss of generality we can assume that the atoms with unprimed spin are responsible for the 
absorption at the wave-length béing utilized. It is supposed throughout the present section that 
the two g-factors are sufficiently different so that the resonances for the two varieties of atoms do 
not overlap. This condition is abundantly fulfilled when one of the spins is nuclear and the other 
electronic. In applying our formulas, the same definition of the magneton 6 must be used for both 
ingredients; hence g will be different by a factor of the order 10* for the nuclear and electronic con- 
stituents. If both spins are nuclear, their g-factors will in general differ, so that our calculations are 
applicable. It is not necessary that the spin quantum numbers S and 5S’ be unlike. If both spins are 
electronic, both g and g’ are presumably nearly 2, though there can be deviations from the ideal 
value 2 because of spin-orbit interaction. Then one must be careful to see whether g and g’ differ 
sufficiently to separate the two resonances and make the present calculation relevant. The separation 
can, of course, be increased by augmenting the applied magnetic field. A limiting case which we do 
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not calculate, but which might ultimately prove of interest, and which could be treated by the 
general mathematical methods of the present paper, is that of atoms with identical g-factors but 
unlike spin quantum numbers. The general case in which the difference between the two Larmor 
frequencies is comparable with the dipolar broadening would present an intricate mathematical 
problem. 

We shall throughout use primed and unprimed letters to distinguish the two varieties of atoms. 
Since the unprimed component is responsible for the resonance, the x component of moment S, to 
be used in (4) or (17) involves only the summation 2;Sz; over the unprimed atoms. A point par- 
ticularly to be emphasized is that in constructing the Hamiltonian function &, it is essential to 
exclude matrix elements of the type AM;=+1, AM,=-—1, or AM;=—1, AM, =+1. Here M,;, 
M, denote the magnetic quantum numbers appropriate to separate spatial quantization of atoms 
j and k’, respectively. The effect of such elements would be to create a subsidiary absorption line at 
a Zeeman frequency (2g—g’)BH/h’', and also to modify very slightly the irrelevant absorption 
at g’8H/h due primarily to the primed system.:These elements should thus be excluded, just as the 
heavily bracketed part of (2) was dropped in Section II to avoid inclusion of the subsidiary lines in 
Fig. 1. Generalized to the present problem, Fig. 1 would contain two main lines of frequency 
gBH/h, g'8H/h respectively, and a variety of minor ones, of frequency (2g—g’)BH/h, 2g8H/h, 
(g+g’)BH/h, etc. We are essaying the calculation of the width of the main line at g8H/h. 

In virtue of the remarks made in the preceding paragraph, parts of the Hamiltonian function 
having factors of the form (Sz;+4Sy;) (Sze —@Sue-) = S;4S;,— or S;Se4. should be omitted, although 
they must be retained when both letters are primed, or both unprimed. In a scalar product such as 
S5° Spe = SxjSzxe + SyjpSy— +S2j)Sz,- only the term Sz;Sz,- is relevant. Hence, when one letter is primed 
and the other unprimed, even more of the dipolar terms should be discarded than those bracketed 
in (2). The effective exchange and dipolar potential coupling together two unlike atoms j,k’ is thus 


Cin S2pSzx: where 
Cit = A jer + (1 — 3 jue?) gg! Br jr. (26) 
The total Hamiltonian to be employed in: place of (5) is 


KH = HgB(Zj S23 +2D5-S2j-) +Ze>j(A j2Sj- Se +B j~SzjSzx) . 

+>; (A 5S; . Si: +B 5—7S2j3-Szx) +2; BC jx S2j Sex. (27) 
Here Aj, Bj,» are to be understood defined as in (6) except for the addition of primes. The com- 
mutator U=3S,—S,K is given by the expression 


U =1gBH>;Suj+id n> B j.(SujzSex+ SupSz;) +72;. BC 5x Suz Sex, 
which replaces (9). One finds that 


KHU— UR =(HU— UR) ot+LvTe>5 {2Cjv-B jeSzpSe~eSev +2 Cyr B jSzpS25Sev 
+A jx (Civ — Cav) (— SzjSzpServ + S2jS24S21) } 
HD jZv>u [Anew (Cine — Cyr) (Suj Sun Szv — Sup Szx¢ Suv) +2 Cine Ci Sj See Sar } +25, 0° Cie? Sez Sup’, 


where (3CU— U3)» denotes the value which would result were there no primed atoms, and which 
is given by the right side of (18). 

The same procedure that was used previously, based on Eqs. (4), (17), and (19), can now be 
employed to calculate the second and fourth moments. The following expressions are finally obtained 
for the mean square and mean fourth power frequency deviation: 


(Av?) =$3S(S+1)h-72,Byu2Z+4S (S' +1)h- ZC, (28) 


Wh{Av*)w = TAL (Av) Jo N- [3 S(S+1) [9S (S’ +1) ]EvZe>j{ 6B ?(Cyv? + Cr?) 
+2A ju?(Cyv — Cyr)? +4 BA je(Cyv — Cyr)? } +N; a, (Cine — Cyr)? 
46 Ci ?Cyy? T4S'(S! +1) P+ ND,» Cut 3S'(S'+1) —¥]8"(S' +1). (29) 











h‘((v*)w Jo denotes the right side of (21), or in 
other words the mean fourth power deviation 
which would result were the coupling to the 
primed system completely absent. The expression 
(29) would have the value corresponding to the 
Gaussian hypothesis only if we could omit from 
(29) all terms except the two with factor 6, also 
from (21) all terms except that with factor 3, and 
if, in addition, we could disregard the exclusion 
of equal indices, replacing a sum of the type 
YaLde>s by }2a,b,c, etc. Actually, of course, these 
conditions are not fulfilled. 

The results (28) and (29) doubtless appear 
rather formidable, but have several interesting 
implications, which we shall now summarize. 

(a) All other things being equal, dipolar 
coupling between unlike atoms is less effective 
than that between like ones in broadening the 
lines. This prediction follows from the fact that 
the mean square broadening (28) involves the 
coefficients B,, and Cy, symmetrically, along with 
the fact that the definition (6) of Bj, involves a 
factor $ not contained in the dipolar part of the 
expression (26) defining C;,. Hence the con- 
tributions of like atoms to the mean square are 
enhanced by’a factor 9/4 as compared with 
those of unlike ones, apart from any allowances 
for diversity in magnitude of the g-factor or of 
the spin quantum number. This greater effec- 
tiveness of coupling between like atoms has its 
physical origin in resonance, and is expressed 
mathematically by the irrelevance of more 
terms of the Hamiltonian when the atoms are 
unlike. 

(b) Exchange interaction between unlike 
atoms tends to broaden absorption lines. This 
prediction is a consequence of the fact that the 
definition (26) of Cy, includes a term involving 
the exchange coefficient Aj, whereas that (6) 
of By, does not. Hence exchange coupling be- 
tween dissimilar atoms, unlike that between 
similar ones, contributes to the mean square 
broadening (28). This diversity in behavior 
has arisen because A;,S;-S, commutes in matrix 
multiplication with the x component of moment 
S,=2ZpSzx, whereas A jxSzjSz, does not. 

(c) Both dipolar and exchange interactions 
between atoms of the primed system contribute 
to the fourth, but not to the second moment. 
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Here N is the number of unprimed atoms, and 
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absence in (28), of terms containing A; 4. The 
definition (6) of A j4- includes both dipolar and ex- 
change members. Hence there will be a narrowing 
effect and deviations from the Gaussian struc- 
ture, in case either the exchange or dipolar 
interaction between the primed atoms is suf- 
ficiently large compared to the dipolar coupling 
between unprimed atoms, and also to both the 
exchange and dipolar interactions between 
unlike atoms. 

(d) Exchange interaction between the un- 
primed atoms does not contribute to the second 
moment, but enhances the fourth moment, even 
if the dipolar broadening is caused primarily 
by interplay between unlike rather than ex- 
clusively unprimed atoms, i.e., by the addition 
of ‘‘foreign atoms.” This statement expresses the 
presence in (29) of terms of the form A j?C;,?, 
which will be more important than those of the 
form A jx.°B;7* in (21), if Ler Cyne 2B x. 

A distinction should be noted between effects 
(a), (b) and (c), (d). Namely, (a), (b) ‘are both 
operative on the mean squafe, and do not neces- 
sarily imply that the Gaussian assumption is a 
bad one. On the other hand, (c), (d) involve 
mechanisms influencing only the fourth and 
higher moments, and hence are consequential 
only if there are significant deviations from the 
Gaussian distribution. 

Exchange integrals involving nuclear spins 
are presumably negligible. Hence only item (a) 
is of interest in experiments on nuclear resonance 
in materials devoid of any electronically para- 
magnetic atoms. A possible, but infrequently 
occurring exception is that the dipolar mechanism 
in (c) might make the broadening smaller than 
one would compute from (a) with the Gaussian 
hypothesis if the nuclei of the “foreign” atoms, 
i.e., those of the primed system not responsible 
for the resonance, are numerous and also have 
g-factors or spins materially greater than those 
of the primary (unprimed) atoms. Effect (b) 
of consequence only if both components have 
electronic spin. 

Items (a) and (c) are of particular interest in 
case experiments are made on the broadening of 
nuclear resonance lines by the addition of a 
relatively small number of foreign atoms with 
electronic spin. Then g’/g is of the order 10%, 





This one sees from the presence in (29), but 
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TABLE I. Calculated and observed r.m.s. frequency devi- 
ations in CaF>2.* 








Av2(calc.) Av2(obs.) 


3.68+0.20 gauss 
2.25+0.20 
1.77+0.20 


Direction 


100 14.4 kc 3.60 gauss 
110 10.0 2.24 
111 6.1 1.53 


Av2(calc.) 











* The experimental measurements are by Pake and Purcell. 


and Eq. (28) shows that, as one would guess, the 
foreign atoms will begin to influence the width 
of the absorption line when they are about 10-* 
as abundant as the atoms responsible for the 
nuclear resonance. The broadening influence of 
the impurity will, however, be somewhat smaller 
than one would expect by simple extension of 
the formulas for a one-component system. In the 
first place, as already mentioned, the diversity 
in the definitions (6) and (26) of By and Cy 
diminishes the second or foreign part of (28) by 
a factor 4/9 compared to what one would expect 
by extrapolation of the first part. Far more 
important, however, is the fact that, as soon as 
the impurity becomes abundant enough to influ- 
ence the line shape, the dipolar, not to mention 
the exchange, coupling between the foreign atoms 
enhances the fourth moment very materially, 
and hence makes the effective line-breadth con- 
siderably less than one would calculate from the 
mean square with the Gaussian hypothesis. One’s 
first reaction is perhaps that any dipolar inter- 
action between the foreign atoms is a higher 
order effect because of their unabundance. We 
have seen that only a small amount of paramag- 
netic impurity is needed to influence the mean 
square breadth of the nuclear resonance. In- 
spection of the structure of (29), however, shows 
that the dipolar coupling between the foreign or 
primed atoms yields contributions to the fourth 
moment of the order (N’/N)*g2g’6/d!2, as com- 
pared with terms of the order (N’/N)?g‘g’4/d? 
from the square of the contribution of the foreign 
atoms to the mean square. (Mathematically, this 
statement is a consequence of appearance of 
terms of the form Axy?Cj-? coordinately with 
those of the form Cj-?C;y? in the sum of type 
2;Z>x in (29), and by definitions (6) and (28) 
one has | Anrw| ~(g’/g) | Cie | if Ayy =0.) The 
dipolar interaction between the impurity atoms 
hence necessarily makes the line shape non- 
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Gaussian if they are abundant enough to be the 
main broadening agency. 


V. COMPARISON WITH EXPERIMENT 


As yet, the experimental data available to 
test our theory are rather meager. However, the 
rapid development of radiofrequency and micro- 
wave spectroscopy leads us to expect greatly 
enhanced evidence in the future. 

Diamagnetic Crystals with One Type of Nuclear 
Spin. The simplest case theoretically is that of 
a crystal with a single variety of nuclear spin, 
and devoid of any electronic paramagnetism. 
Since we have assumed throughout that the 
influence of the crystalline field is negligible, it 
is essential that the nuclei be devoid of quad- 
rupole moments unless the field is cubic. Other- 
wise a significant part of the broadening may be 
caused by the interaction of the quadrupole 
moment with the crystalline electric field. (A 
crystalline field which is of cubic symmetry will 
not, however, interact with a nuclear quadrupole 
moment.) 

If there are no quadrupolar complications, the 
broadening of the resonance line should be due 
solely to the dipolar coupling between the 
nuclear spins, inasmuch as exchange forces 
involving nuclear*spins are negligible. The 
mean square deviation of the frequency from its 
central value should then be computable from 
(13). 

Calcium fluoride is a crystal par excellence for 
testing the theory of pure dipolar broadening 
mentioned in the preceding paragraph. The only 
spin is that of the fluorine nucleus, and the 
fluorine nuclei are arranged in a simple cubic 
lattice. Furthermore, the spin of the F nucleus 
is 3, so that there can be no complications arising 
from quadrupole moments. The nuclear reso- 
nance absorption by a single crystal of CaF; has 
been measured by Purcell, Bloembergen, and 
Pound.’ 

The directional effects are most simply tested 
in a preliminary way by study of the variation 
of the peak absorption at the center of the line 
when the orientation of the magnetic field rela- 
tive to the principal axes of the crystal is changed. 
The peak is easier to measure than the breadth, 


7E. M. Purcell, N. Bloembergen, and R. V. Pound, 
Phys. Rev. 70, 988 (1946), 
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and exhibits the salient features of the direc- 
tional trends. With the Gaussian assumption 
(15), the peak absorption should be inversely 
proportional to the r.m.s. line breadth, and so 
should have an angular factor which is the 
square root of the reciprocal of that given in 
(13). The angular dependence calculated on this 
basis when the magnetic field is rotated through 
various positions in the 110 plane is shown by 
the dashed line in Fig. 2, taken from the paper 
by Purcell, Bloembergen, and Pound. The 
measured peak absorption is shown by the solid 
line. The constant of proportionality is deter- 
mined so as to give agreement in the 001 direc- 
tion. 

On the whole, the accord between theory and 
experiment in Fig. 2 is satisfying. Exact agree- 
ment cannot be expected, since the Gaussian 
assumption on which the theoretical curve is 
predicated is not rigorous. Since, experimentally, 
only the relative rather than absolute values of 
the peak absorption are known, measurements 
of the type shown in Fig. 2 do not provide a test 
of the calculated absolute magnitude of the line 
breadth. 

In order to examine the absolute value of the 
width, and in order to study its directional de- 
pendence in a refined fashion not contingent on 
the Gaussian hypothesis, the r.m.s, width has 
recently been directly determined experimentally 
for three angles by Pake and Purcell.* The 
ingenious technique which they employed is 
described in the following paper; it involves a 
quite accurate determination of the line shape, 
so that the various points on the absorption 
curve can be weighted in accord with their r.m.s. 
frequency deviation and integrated. The com- 
parison of theory and experiment is given in 
Table I. In making this comparison we follow 
the customary practice of expressing the fre- 
quency in terms of the magnetic field which will 
produce a Zeeman shift equal to the frequency 
interval in question. We also, however, include 
the values of the theoretical line widths in kilo- 
cycles. The abbreviated notation Av,, used in 
Table I and the ensuing discussion, has the sig- 
nificance Av, = ((Av")y,)1/*. 

Pake and Purcell have pushed the comparison 
of theory and experiment a step further by 


8G, Pake and E. M. Purcell, Phys. Rev. 74, 1184 (1948). 
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measuring the root mean fourth frequency devi- 
ation for the 100 direction. The observed value 
of the ratio Av4/Av2 is 1.24; our theory gives 1.25. 
The rectangular, triangular, and Gaussian ap- 
proximations to the line shape would yield ratios 
1.158, 1.245 and 1.316. 

The agreement is certainly gratifying, espe- 
cially when it is recalled that no undetermined 
constants are involved. Still, the good accord 
cannot be regarded as too much of a surprise, for, 
theoretically, in an ideal crystal one cannot 
envisage any important mechanism for broaden- 
ing other than the dipolar one, whose moments 
we calculate rigorously. We believe that our 
example of CaF; is the first case of a substance, 
either solid or gaseous, where it has been possible 
to make an unambiguous comparison of a 
theoretical and observed line breadth with a 
high degree of accuracy. 

It is to be emphasized that in Table I we com- 
pared the theoretical value of the r.m.s. fre- 
quency deviation with the same quantity 
observed experimentally, and not with half the 
frequency difference between the points of 
maximum slope in the absorption curve. For a 
Gaussian curve, $Aym.s1. and Ave would be 
identical. The observed values of }Avm.si., V22., 
4.4, 3.5, and 2.4 gauss for the 100, 110, and 111 
directions are considerably higher than Ave. This 
fact shows that the Gaussian model is not an 
accurate one. In the 100 direction, the ratio 
1Avm.s1./Av2 is 1.22. This value is reasonable; it 


Fic. 2. Peak absorption intensity as a function of direc- 
tion in a CaF; crystal. The solid curve gives the measure- 
ments of Purcell, Bloembergen, and Pound. The dashed 
curve is calculated from the theoretical r.m.s. breadth, 
under the assumption that the lines are Gaussian. 
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is a little nearer the ratio 1.0 for a Gaussian 
shape than that 1.73 for a rectangular one. The 
ratio Av,/Av2 of root mean fourth to root mean 
square frequency deviation was likewise inter- 
mediate between the Gaussian and rectangular 
models, but somewhat closer to the former. 

We saw in Section III that the deviations of 
the fourth moment from the Gaussian value 
should be smaller for the 111 than the 100 
direction. It is tempting to examine whether this 
fact will explain the somewhat different angular 
variation of the peak intensity in Fig. 2 than 
that provided by the Gaussian model. The cor- 
rections calculated on this basis, however, 
operate in the wrong direction. A rectangle has 
a value of peak intensity lower by a factor (1/6)! 
than that for a Gaussian curve of the same Ape. 
Thus the greater deviations from the Gaussian 
shape in the 100 direction would tend to in- 
crease, relatively, the prongs of the dotted curve 
in Fig. 2 in the 111 orientation. Dr. Pake tells us 
that probably the discrepancy in Fig. 2 is to be 
explained in terms of the fact that the crystal 
is not ideal. The mean square frequency devia- 
tion is considerably smaller for the 111 direction 
than for other nearly adjacent orientations, and 
the peak absorption higher. Hence, if the crystal 
is not perfectly cut, what one thinks is the 111 
axis is not really this, but a sort of mixture of 
nearby directions. As a result, the measured 
value of Av2 for supposedly the 111 axis may be 
too high, and the peak absorption too low, in 
accord with the trend in Table I and Fig. 2. 
The estimates of experimental error in Table I 
relate to the uncertainty in the integration to 
obtain the root mean deviation; they do not 
include any error caused by crystal imperfec- 
tions. The good agreement for the 111 and 110 
directions suggests that the error attendant to 
the integration has been overestimated. The 
existence of crystalline imperfections does not 
immediately explain why the ratio $Avm.s1./Ave 
actually has a value (1.36) for 111 greater than 
that (1.22) for 100. The closer validity of the 
Gaussian model, which gives unit ratio, for the 
111 direction would offhand suggest that even 
with crystal imperfections a trend should be 
expected which is the reverse of the observed. 
However, the value of Avm.si. is sensitive to 
small perturbations, and the maximum slope of 
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the curve may well come from a spurious wing 
contributed by a microcrystal not perfectly 
aligned. 

Diamagnetic Crystals with Two Types of Nuclear 
Spins. In paragraph (a) of Section IV it was 
pointed out that, because of less resonance, 
dipolar coupling between nuclei of unequal 
g-factors is less effective in broadening the lines 
than the corresponding dipolar interaction 
between like nuclei of comparable magnetic 
moment (more accurately, of magnetic moment 
equal to the geometric mean of that of the two 
dissimilar components). Unpublished work of 
G. Pake on the fluorine resonance in KHF- con- 
firms this prediction. The second moment has not 
been measured with as high precision as in CaF», 
However, his data show clearly that without the 
theoretical reduction factor 4/9 caused by the 
dissimilarity of the moments in the H-F inter- 
actions, the calculated second moment would be 
much too high to agree with observation. (X-ray 
measurements do not fix the positions of the H 
atoms, but chemical and other evidence indicates 
that they are on lines connecting F nuclei; if H 
is midway on an F —F line the calculated moment 
is too high without the reduction factor; it is 
increased further if the proton is not at the 
midpoint but instead resonates between two 
unsymmetrical locations.) 

Nuclear Resonance in Crystals with Paramag- 
netic Impurities. If atoms with electron spin are 
added to an otherwise diamagnetic crystal, but 
not to so great an extent that electronic absorp- 
tion masks the nuclear, then the nuclear reso- 
nance lines should be widened. However, the 
discussion at the end of Section IV shows that 
the action of both the exchange and dipolar 
forces connecting electronic spins make the 
effective half-width much smaller than that cal- 
culated from the second moment on the assump- 
tion of a Gaussian distribution. Unfortunately, 
no adequate data are yet available to test the 
theory on this subject. Bloembergen, Purcell, 
and Pound do indeed find that the widening of 
nuclear resonance lines in diamagnetic liquids by 
the addition of paramagnetic ions is smaller than 
the Gaussian model would lead one to expect. 
These authors, however, show that this behavior 
is explicable on the grounds that the paramag- 
netic ions migrate rapidly in the liquid, thus 












diminishing the coherence and effectiveness of 
the dipolar forces coupling together nuclear and 
electronic spins. Thus there are two alternative 
mechanisms, both of which appear adequate to 
explain why paramagnetic impurities are not 
more potent in widening nuclear resonance lines 
in liquids. Probably the Bloembergen-Purcell- 
Pound migration effect is the dominant factor, 
for reasons to be discussed near the end of 
Section VI. The migration mechanism would not 
be relevant if the measurements were made on 
crystals rather than liquids, and so experiments 
are obviously desirable on nuclear resonance of 
crystals with paramagnetic atoms substituted 
for diamagnetic in a small percentage -of the 
lattice points. 

Absorption Arising from Electronic Spin in 
Paramagnetic Crystals. A number of experi- 
ments*!° have been performed by now at various 
laboratories on resonance absorption by electron 
spin in paramagnetic crystals. In several in- 
stances, the line breadth is considerably smaller 
than one would calculate from dipolar broaden- 
ing alone if one makes the Gaussian hypothesis 
and so uses Eqs. (14) and (16). Some examples 
are given in Table IJ. These discrepancies are, 
we believe, to be attributed to the phenomenon 
of “exchange narrowing,’”’ of which the theory 
was developed in Section III. We there showed 
that exchange interactions between atoms with 
electron spins makes the mean fourth power 
frequency deviation considerably larger than 
one would calculate with the Gaussian hypothesis 
from the mean square broadening caused by 
dipolar interaction, and that consequently the 
lines are more peaked and so effectively nar- 
rower than one would at first expect. 

In connection with Table II it should be 
noted that part of the line broadening may 
originate in other causes than the dipolar 
mechanism. In particular, the crystalline Stark 
effect has a widening action in manganous salts, 
as does anisotropy in the g-factor in the cupric 
salts, whose effect we shall discuss elsewhere." 
The broadening caused by this anisotropy is 
proportional to the magnitude of the applied 





mn Zavoisky, J. Phys: U.S.S.R. 10, 170, 197 (1945). 
10R. L. Cummerow, D. Haliday, and G. E. Moore, 
Phys. Rev. 70, 433 (1946), 72, 1233 (1947). 
asa” preliminary abstract see Phys.. Rev. 73, 
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TABLE II. Approximate observed values of the width 
between the points of half the maximum absorption, con- 
trasted with the values calculated from — coupling 
under the assumption that the curve has a Gaussian shape. 





















Ay, Observed* Avy Calculated 4g 
CuCl,-2H:O0 125 gauss 750 gauss 
CuSO,5H20 1 75 475 
MnSO.4H:0 400 1500 
MnSO, 300 3500 














* See references 9 and 10. 






field, and hence can be reduced by using rather 
low resonant frequencies. Hence in an endeavor 
to eliminate as much as possible all but dipolar 
broadening, we give in Table II the half- 5 
breadths for copper furnished by the measure- 
ments of Zavoisky® at 200 cm, rather than the 
larger ones yielded by the data of Cummerow 
and Haliday,’ also Arnold and Kip,!? at about 
3 cm. 

When it is taken into account that other 
factors besides dipolar coupling may be re- 4 
sponsible for some of the line width, the need of 
invoking the exchange effect to reduce the e 
dipolar broadening becomes even more patent. 

An additional piece of evidence may be men- 
tioned in favor of the basic correctness of our 
model of ‘‘exchange narrowing.’’ Exchange forces 
are relatively short-range, and so should be an 
effective factor only in materials with a fairly 
high concentration of magnetic ions. Actually, 
only in such compounds do the measured line 
widths prove conspicuously lower than those 
computed under the assumption of a Gaussian 
distribution. Glaring discrepancies such as those 
reported in Table II do not appear for the alums, 
with their many water molecules of hydration. 
Also, in Table II, the anhydrous salt MnSO,- 
shows the greatest disparity between experiment 
and the Gaussian theory. Precisely this behavior 
is to be expected, since with no waters of coor- 
dination the paramagnetic ions will be closer 
together, and the ‘‘exchange narrowing” con- 
sequently greater. 

Non-Resonant Paramagnetic Absorption at Low 
Frequencies. A number of experiments have been 
performed in Holland by Gorter and others on 

1 R, D. Arnold and A. F. Kip, Phys. Rev. to be pub- i 
lished ; abstract in 73, 1247 (1948). i 

13 For a survey of this subject, and references, see 


Gorter’s book, Paramagnetic Relaxation (Elsevier Publish- i 
ing Company, Inc., Amsterdam and New York, 1947). 
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absorption at low frequencies, either in the 
absence of a magnetic field, or in a weak field 
comparable with the dipolar interaction. Here 
again there is evidence for ‘‘exchange narrowing”’ 
inasmuch as in magnetically concentrated ma- 
terials the line breadth turns out less than that 
calculated by a Gaussian treatment of the 
dipolar effect. This subject has been briefly dis- 
cussed in a letter to the editor by Gorter and 
the writer,'* and we shall not pursue it here since 
the present paper aims to treat primarily 
resonant absorption wherein the Zeeman fre- 
quency is much greater than the line width. The 
adaptation of the mathematical methods used 
in the present paper to the non-resonant, low 
frequency case will be made in a future paper by 
Miss Wright. 


VI. RELATION TO THE RELAXATION THEORY OF 
BLOEMBERGEN, POUND, AND PURCELL 


A very interesting explanation of nuclear ab- 
sorption and relaxation phenomena in gases, 
liquids, or in solids with molecular rotation has 
been presented by Bloembergen, Pound, and 
Purcell.? These authors point out that the migra- 
tions of atoms in fluids change the distances 
between spins and also the orientations of the 
axes connecting them. In molecular solids col- 
lisions alter the orientations of the molecular 
axes and hence of spin-spin axes if the molecule 
involves more than one spin. All these factors 
spoil the coherency of the action between the 
different electron spins, and so make the per- 
turbing effect of the dipolar coupling in broaden- 
ing the lines less than one would compute from 
the Gaussian model. As Gorter! has noted, the 
mechanism presented in the present paper has 
considerable analogy to that employed by Bloem- 
bergen, Pound and Purcell, provided that in our 
case we regard the coherency as spoiled by spin 
waves rather than collisionsor migrations. It is well 
known that exchange, as well as dipole inter- 
action, has the effect of making the spatial com- 
ponents of individual spins cease to be constants 
of the motion, and gives rise to a continual 
turning over of spins, which can be envisaged as 
waves of spin reversal being propagated through 
the crystal. Bloch showed that at low tem- 


4 C, J. Gorter and J. H. Van Vleck, Phys. Rev. 72, 1128 
(1947). 


J. H. VAN VLECK 


peratures this wave picture can be taken literally; 
at higher temperatures, the term “spin wave’’ is 
to be construed only in a generalized sense as 
meaning that the spins are in a constant state 
of upheaval because of the exchange forces. It is 
for this reason that exchange narrows the lines. 

The calculation of the fourth moment can be 
given in rather general terms so as to apply to 
fluids. We shall show that the results of Bloem- 
bergen, Pound, and Purcell,? can be interpreted 
in terms of our moment criteria. Let g symbolize 
the coordinates other than spin variables which 
are involved in the dipolar potential. The q’s 
then specify the orientation of the line joining 
two dipoles, and their distance of separation. 
The complete Hamiltonian function of the 
mechanical system will include a portion 3, 
which commutes with the total spin moment 
responsible for the resonance, but which does 
not commute with the q’s. For example, 3, 
might be the intermolecular coupling which 
reorientates molecules at collisions, or even 
simply the translational kinetic energy associated 
with the migrations of ions. Then a sort of 
relaxation time for a variable g may be defined by 


1 Trl3X.gq— 5, ]}? 


re —h?T rq? 


(30) 





This quantity 7, is essentially the same as that 
which Bloembergen, Pound, and Purcell denote 
by the same letter. If 32 is large compared with 
the dipolar part of the Hamiltonian, or, more 
precisely, if 1,/7.2>>(Av*), then the mean fourth 
power deviation as calculated from (17) and (19) 
will be of the order 


(Av*)ay = (Av?) y/T.2. (31) 


According to the theory of Bloembergen, Pound, 
and Purcell, the half-width will be materially 
lower than [(Av?),, ]? if 1/7.2>>(Av?)w. Inspection 
of (31) shows that this is precisely the condition 
that the fourth moment appreciably exceed the 
Gaussian value 3[ (Av?) ]?. Both approaches, 
i.e., the relaxation and moment methods, thus 
agree as to the conditions under which narrowing 
phenomena should appear. 

Instead of thus applying moments to fluids, 
one can, vice versa, try to adapt qualitatively the 
relaxation theory to spin waves in crystals. In 
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this fashion one can obtain an estimate of the 
order of magnitude of the half-width when 
exchange narrowing is important—something 
we could not do by the method of moments. 
According to the theory of Bloembergen, Pound, 
and Purcell, the half-width is of the order 
te(Av?)w if 1/7->>(Av?)y. As applied to our 
problem of spin interaction, the variables g must 
be considered as including functions of the spin 
coordinates, and the Hamiltonian 3C2 symbolizes 
the exchange energy. The relaxation time for the 
spin waves furnished by (30) is then of the order 
h/A, where A_is the exchange integral. Analogy 
to the relaxation theory thus suggests that the 
effective half-width is of the order h(Av?),,/A. 
Too much reliance, especially quantitatively, 
should not be placed on this estimate, as it is 
derived in a rather superficial way, and conveys 
little more information than one might con- 
jecture from dimensional considerations. 

The action of the spin waves associated with 
exchange forces only influences energy transfers 
internal to the spin system, and so does not help 
in securing thermal equilibrium between this 
system and the rest of the universe. In this 


respect there is a difference between the adapta-- 


tion of the relaxation theory to the spin system, 
and its original use in connection with atomic 
migrations. With the latter, energy balance is 
secured by energy transfer between the spin 
system and the translations or rotations of atoms 
or molecules, which thus serve as a thermostat 
if the relaxation time 7; for this transfer is suf- 
ficiently short. If 7. is small enough to permit 
applicability of (31), 1/7, should be com- 
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parable with the half-width Ay; of the absorption 
line and of the order (Av?)y7,. In the experiments 
of Bloembergen, Pound, and Purcell on nuclear 
resonance in liquids with paramagnetic im- 
purities, it is found that Ay, as measured by 
direct observation of the line width is very nearly 
equal to 1/x7, when 7 is determined by 
measurements of incipient saturation or de- 
partures from thermal equilibrium caused by 
use of excessive power. This fact suggests that 
the narrowing of nuclear resonance lines in 
liquids is caused primarily by migration effects, 
for one would expect to have 1/7:«<Ay, if the 
narrowing were due mainly to dipolar or exchange 
coupling between paramagnetic ions as sug- 
gested in paragraph (c) of Section IV. In mon- 
atomic crystals, on the other hand, 1/7; is 
millions of times smaller than Ay, and then our 
adiabatic calculation of the line breadth is well 
warranted. 

In closing, it should be stressed once more 
that the theory of dipolar broadening of reso- 
nance lines in crystalline solids as developed in 
the present paper is entirely an adiabatic one, 
regardless of whether there are modulations by 
exchange forces. Our calculations thus throw no 
light on the mechanism which keeps the spin 
system in thermal equilibrium with the rest of 
the universe in crystals. 

The writer is much indebted to Professors 
C. J. Gorter and E. M. Purcell for stimulating 
discussions. Also he wishes particularly to thank 
Dr. George Pake for his interest and cooperation 
in testing experimentally the predictions regard- 
ing the various moments. 
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This note discusses briefly several methods of describing the width and shape of the reso- 
nances characteristic of nuclear paramagnetism. Use of the so-called moments of the shape 
function is illustrated by an experimental determination of a root mean square line width which 
is in substantial agreement with a calculation by Van Vleck. The solutions of the Bloch equa- 
tions, which lead to the Lorentz shape function traditional in the theory of radiation- and 
collision-broadened lines, are compared with susceptibility curves based on a Gauss absorption 
curve. A significant difference between the two dispersion curves serves as a criterion for 
determining whether or not either of these two shapes closely approximates to a given experi- 
mental curve, and experimental examples of each are given. 

For comparison of shape functions, several well-known specializations of the Kronig-Kramers 
relations are employed. The collection of these formulae may incidentally prove convenient 


and useful to those engaged in studies of nuclear paramagnetism. 





INTRODUCTION 


HEN a sample containing nuclear mag- 
netic moments is immersed in a constant 
magnetic field Ho, energy may be absorbed from 
a radiofrequency magnetic field which is perpen- 
dicular to Hp and has a frequency near the nuclear 
Larmor frequency. The rate of absorption is pro- 
portional to the imaginary component of the nu- 
clear magnetic susceptibility ~= x’—ix’’. The 
dependence of x”’ on frequency » is given by the 
shape function g(v), defined as follows:! 


Sinmsiiatds > 
J ent (1) 


T2=3L¢(v) |max-J 





Here x0=Nyu?(3kT)—(I+1)/I is the static nu- 


clear susceptibility and v=(uH)/(Ih) is the 


gx 
é 4 MODULATION SWEEP 


Ho- H* > 
GAUSS 





Vor Ve 
KILOCYCLES 


Fic. 1. Fluorine (F!*) resonance in a CaFz single crystal. 
Ho along [100]; H*=6824.2 gauss, »=27.33 Mc. 


* Predoctoral Fellow of the National Research Council. 

t Now at Washington University, St. Louis, Missouri. 

1 N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. 
Rev. 73, 679 (1948). 


| vo-x(@)== f 


Tv 


resonant frequency for a nucleus with spin J and 
magnetic moment »=g@I, g being the nuclear 
g-factor and 6 the nuclear magneton. For a given 
shape function, the line width is proportional to 
1/T>. If x’’(v) is known, x’(v) is given by the first 
of the Kronig-Kramers relations: 
fe) vx!’ (v’)dv’ 
p/2 ati yp? 
- (2) 

2v ¢* x'(r’)—x'(@) 
x" (v) = -—— dy’. 

gr Jo y’2?—y? J 








These formulae were originally derived for the 
electric susceptibility.? Gorter and Kronig® later 
pointed out their validity for magnetism, and 
they are easily shown to apply to a large class of 
complex quantities used in the analysis of physics 
and engineering problems.‘ 

In Eq. (2), as well as in Eqs. (3), (4), and (5) 
which follow, the Cauchy principal value is to be 
understood, that is, if f(v’) has a singularity at 
y’=y, then 


f f(v')dv’ =lim i snde+ f fleas’ | 


?R. de L. Kronig, J. Opt. Soc. Am. 12, 547 (1926); H. 


_ A. Kramers, Atti del Congresso Internationale dei Fisici, 


Como, Vol. 2, 545 (1927). Compare also Radiation Labora- 

tory Report 735 by J. H. Van Vleck, or Vol. 13, Radiation 

Laboratory Series (McGraw-Hill), Chap. 8. 

11986) J. Gorter and R. de L. Kronig, Physica 3, 1009 
4H. W. Bode, Network Analysis and Feedback Amplifier 

Design (D. Van Nostrand and Company, New York, 1945), 

Chap. XIV. 
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SPECIAL FORMS OF THE KRONIG- 
KRAMERS RELATIONS 


Both x’(v) and x’’(v) for nuclear resonances are 
effectively zero except in a small frequency in- 
terval, usually no more than 200 kilocycles even 
for solids, about the resonant frequency » of at 
least several megacycles. The approximations 
y'/(v' +v) 3 and v/(v’+v)=3 therefore allow 


1 f*x"(v’)dv’ 1 
x’(v) =— f ay aS 
ro y—v 


x’ (v’)dv’ 


“oe ~ ff y’ 


Placing v’ =v+Av’ and v=-+Avr yields 


1 f® x’’(Av’)d(Av’ 
vowtan)== f x’ (Av’)d( ) 


wJ_,. Av’—Ap 


(3) 


a 
. 





mie I 





(4) 





1 p® x!(Av')d(dv’) [ 
x’ (votAv) = —— f , 
wrJ_. Av’—Av 


Extension of the lower limit from —» to —« 
adds negligibly to the integrals in view of the 
narrowness of the resonance. Formulae (4) are 
more conveniently applied to nuclear suscepti- 
bilities than the more general relations (2). Plac- 
ing (v’/v) —1=(v’—v)/v and using x’(0)<x’(v%) 
after partial integration of Eq. (3) yields 


@ dx’’(v’) 
0) =— - f — log|- 
0 


Vv 


sills anadel a dx’ sd 


Vo 


dy’, 











(5) 
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The modulation type of apparatus developed by 
Purcell, Pound, and their co-workers'® may be 
adjusted to measure quantities directly propor- 
tional to either of the derivatives involved in 
Eq. (5). If the available apparatus measures di- 
rectly the derivative of but one part of the 
nuclear susceptibility, the relations (5) offer the 
most direct means of obtaining the other part. 
The form of the integrals in Eqs. (5), each of 
which has a logarithmic singularity in its inte- 
grand, also makes evident the qualitative simi- 


5R. V. Pound, E. M. Purcell, and H. C. Torrey, Phys. 
Rev. 69, 681 (1946). 
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TABLE I. Root mean second moments of the F’* absorp- 
tion line in a single crystal of CaF: for three directions # 
magnetic field in the crystal. 











Theory of 
Ho direction Experiment Van Vieck 
100 3.68+0.20 gauss 3.60 gauss 
110 2.25+0.20 2.24 
111 1.77+0.20 1.53 








larity between one part of the susceptibility and 
the derivative of the other part. 


THE MOMENTS OF THE SHAPE FUNCTION 


In the preceding paper, Van Vleck finds ex- 
pressions for the second and fourth moments of 
the shape function g(v), the (2”)th moment being 
defined as 


a 
(an) \w= fo a)(av)irdr. (6) 
0 

In particular, Van Vleck obtains the second mo- 
ment in terms of the direction cosines of the 
magnetic field Hp with respect to the principal 
axes of a simple cubic lattice, and he calculates 
the fourth moment for Hy along the 100 axis. 

The simple cubic lattice of F nuclei in crystal- 
line CaF: offers opportunity for an experimental 
check of these calculations. The dependence of 
peak signal strength on magnetic field direction 
in this crystal has been examined by Purcell, 
Bloembergen, and Pound.® In the present experi- 
ments, a cylindrical specimen about 1 cm in 
diameter and 2.5 cm long was cut from a single 
crystal of fluorite, the cylindrical axis lying along 
the 110 crystal direction. The crystal was in- 
serted into the r-f coil of the permanent magnet 
apparatus described elsewhere,’ and the deriva- 
tive of the F” absorption line was plotted for 
several directions of Hy in the crystal. One of 
these experimental curves is reproduced in Fig. 1, 
the magnetic field being along 100. The second 
moment may be found directly from this curve 
by performing a partial integration on the right 
member of Eq. (6) and recalling that g(v) vanishes 
except in a small frequency interval about : 


g(v) 


Av)? C canypeeeeg 7 
((A0)")w=———— | (av) oe (i) 


6 E. M. Purcell, N. Bloembergen, and R. V. Pound, Phys. 


Rev. 70, 988 (1946). 
7G, E. Pake, J. Chem. Phys. 16, 327 (1948). 
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Root mean square line widths (measured in units 
of magnetic field rather than frequency) were 
evaluated numerically using Eq. (7) and curves 
such as that of Fig. 1 for three directions of Ho 
in the CaF? crystal. The experimental results are 
listed in Table I, along with the corresponding 
values calculated by Van Vleck. The failure of 
the theoretical width for 111 to fall within the 
limits of error should not cause undue concern, 
inasmuch as the relatively large power of Av in 
the integrand of Eq. (7) accentuates the effect 
on a narrow line of spurious broadening intro- 
duced by crystal imperfections or by small errors 
in crystal orientation. — 

Figure 1 can be used in a similar way to 
evaluate the fourth moment, with the result 
((AH)*)4,4=4.56+0.20 gauss. Inasmuch as a con- 
siderable part of the error quoted arises from 
magnetic field calibration, it is perhaps more 
instructive to consider the ratio ((AH)*),?/ 
((AH)?*),,2; the experimental value is 1.24+0.02, 
compared with 1.25 given by theory. 


COMPARISON OF LORENTZ AND 
GAUSSIAN LINE SHAPES 


Bloch® has obtained. a system of differential 
equations satisfied by the expectation value of 
the nuclear magnetization which lead to the 
Lorentz shape function traditional in the theory 
of radiation- and collision-broadened spectral 
lines. For r-f magnetic fields sufficiently weak to 


8 F, Bloch, Phys. Rev. 70, 460 (1946). 
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Fic. 2. Nuclear suscep- 
tibilities, x= x’—ix"". 


=f oe my 


preclude saturation, the Bloch susceptibilities are 
1 > 
14+72?(wo—w)? 
T2(wo—w) 
14+T:(wo—w)? J 





x’’ (w) = xowol 2 


(8) 








x’ (w) = xowol’s 


where w=2zy is the angular frequency. These 
susceptibilities are consistent with the Kronig- 
Kramers relations and with the definitions of 
Eq. (1). 

In attempting to determine line shape by the 
diagonal sum method, Broer® finds a general 
expression for the (2”)th moment: 


1 —-s.| 
dt" 


(29)" TrLS. 





((Av)?")av = (9) 


Although the shape function would, in principle, 
be determined by its moments, the highest thus 
far calculated is the fourth, which Van Vleck 
obtains in the preceding paper. The practical 
difficulties in evaluating the higher moments 
force Broer to follow Heisenberg’s theory of ferro- 
magnetism by assuming that g(v) is proportional 
to a Gauss function, exp[ — a(Av)?]. Equation (1) 
requires such an absorption curve to have the 
form 

x’’(w) = xowol's exp = T2?(wo—w)?/m |. 


*L. J. F. Broer, Physica 10, 801 (1943). 


(10) 





LINE SHAPES 


From Eq. (10) and the first of Eqs. (4) one finds 
after considerable manipulation that 
x’ (w) = xowoT 2 2a-*F(x-'T2(wo—w)), (11) 


where 


(12) 


F(x) =e-” f ev'dy. 
0 


Both Lorentz and Gaussian formulae for x’(w) 
should and do reduce to xo at w=0. To verify this 
for Eq. (11), one may use dF/dx=1—2xF and 
the fact that dF/dx is vanishingly small at great 
distances in frequency from wo, in particular, at 
w=0. 

Both Lorentz and Gaussian shape functions 
may be linked with idealized physical models, 
the first of which relies solely on the broadening 
introduced by oscillatory local field components 
at the Larmor frequency. By this means neigh- 
boring nuclei limit the lifetime of a given nuclear 
spin state by inducing transitions from it, and 
mathematical analysis closely parallel to that for 
collision broddening of ordinary spectral lines!® 
would lead to the Lorentz shape function. Such 
a picture, however, ignores local field static com- 
ponents,** which disperse the resonance values of 
the large constant magnetic field and which pro- 


KoWo Te 


4 [se] - # 


Fic. 3. Derivatives 
of nuclear susceptibili- 
ties, x = T2(wo—w). 
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vide the broadening mechanism of the second 
model: The effective static local field at an ab- 
sorbing nucleus depends upon the positive or 
negative excess of its near neighbors with spins 
aligned in the positive Hy direction. Spins 
throughout the sample are assumed to be ran- 
domly parallel or antiparallel to Hy (J is taken 3 
for simplicity), and, in the limit of large numbers 
of near neighbors clustered about each absorbing 
nucleus, this excess number becomes distributed 
among the absorbing nuclei according to a Gauss 
function. The effective local field of the model is 
essentially proportional to this distribution. Al- 
though these models evidently represent much- 
simplified approximations to reality, they identify 
the two shape functions, Lorentz and Gaussian, 
with physical pictures which, however incom- 
plete, may prove helpful until the detailed theory 
is cast into a form more amenable to calculation. 

Figure 2 compares, as functions of x = T2(wo—w), 
the Lorentz curves of Eq. (8) with the Gaussian 
curves of Eqs. (10) and (11). Values of the func- 
tion F(x), which arises in heat-flow problems, are 
taken from a tabulation by Miller and Gordon." 
The derivatives of these curves are plotted in 
Fig. 3, corresponding to the quantities measured 
directly by experiment. From Figs. 2 and 3, one 


10 J. H. Van Vleck and V. F. Weisskopf, Rev. Mod. Phys. 17, 227 (1945). | , ; : . 
** In Reference 1, pp. 695 and 696, the dipole-dipole Hamiltonian is written in a form which displays terms corre- 


sponding to static and Larmor frequency local fields. 
uw, 


. Miller and A. R. Gordon, J. Phys. Chem. 35, 2875 (1931). 
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Fic. 4. Negative derivatives of nuclear susceptibilities, 
x=x' ix”; x=T2(wo—w). 


can relate any experimental width measure to 
1/T2. The Lorentz and Gaussian curves differ 
most significantly in the ratio R of the large 
maximum of dx’/dx to either small minimum: 
R(Lorentz) = 8:1 and R(Gauss) = 3.5:1. Applica- 
tion of this criterion to an experimental disper- 
sion curve indicates which shape function, if 
either, seems likely to fit the data. 

Figures 4 and 5 show experimental nuclear 
susceptibilities, measured with the permanent 
magnet apparatus, which approximate to these 
two shape functions. The F" resonance in poly- 
tetrafluoroethylene (Teflon) at room temperature 
fits the Bloch curves reasonably well, whereas the 
proton resonance in NH,Cl powder at room tem- 
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Fic. 5. Negative derivatives of nuclear susceptibilities, 
x=x!—ix”; x=T2(wo—w). 


perature has R=3.3 and more nearly resembles 
the Gaussian curves. It should be borne in mind 
that many substances, especially crystals in 
which ‘frozen-in’ nuclei determine line width 
and shape, may possess a shape function differing 
markedly from the two simple ones considered 
here. Figure 1, for example, does not resemble 
closely either absorption curve derivative in Fig. 
3; the proton dispersion curve for (NH«)2SO, 
powder has R=2.5, and pronounced fine struc- 
ture has been observed in hydrated crystals.’ 

Facilities for the experimental work here re- 
ported, including the large permanent magnet, 
were provided through a Frederick Gardner 
Cottrell Special Grant-in-Aid from the Research 
Corporation. 
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High Energy Spallation and Fission Products 
of Uranium 


P. R. O’ConNor* AND G. T. SEABORG 


Department of Chemistry and Radiation Laboratory, 
University of California, Berkeley, California 


September 13, 1948 


E have bombarded natural uranium with 380-Mev 
helium ions in the Berkeley 184-inch cyclotron in 
order to study the distribution in yield to the radioactive 
products. After each of the irradiations, amounting to 
some 25 in number, the metallic uranium (2-cmX0.5-cm 
area and 0.1-cm thickness) was dissolved, and the yield in 
weighed chemical reactions of each of several isotopes was 
determined by means of .counting experiments using a 
thin-window, bell-jar type Geiger-Mueller counter under 
conditions of known counting efficiency. Corrections were 
made for self-absorption, and for absorption by air and 
the mica window; back-scattering was insignificant in 
comparison with other factors. Conventional alpha-particle 
counters and an alpha-pulse analyzer! were used for the 
alpha-emitters. The yield for each isotope was determined 
relative to a standard isotope, the 12.8-day Ba™®, in order 
to compensate for the day-to-day variation in intensity of 
the helium ion beam. The results show what appears to be 
a continuous yield of radioactive products for the entire 
range of elements from the uranium region down to ele- 
ments in the vicinity of atomic number 25. A plot of 
relative yield vs. the mass number of the radioactive 
products is shown in Fig. 1. The total cross section for the 
fission reaction (estimated from the area under the fission 
part of the curve) amounts to about 2X10- cm?, but 
this value must be considered to be a very rough one, 
because of the unknown intensity of the helium ion beam. 
The errors indicated on this curve are estimated probable 
errors, arising from counting statistics, chemical opera- 
tions, and correction factors applied. 

There are several points of interest in connection with 
this distribution curve. The yield curve probably results 
from two essentially different types of reactions. Spallation 
reactions probably account for the products from the 
region of uranium down to those in the neighborhood of 
mass number 180-200, while the remainder of the curve is 
accounted for by the fission process. Isotopes with mass 
numbers 180-200 are more likely spallation products than 
fission products, and the small differences in yield in this 
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region are not significant because of the low levels of radio- 
activity produced. Not shown on the curve are a number 
of alpha-emitting isotopes with mass number in the 
neighborhood of 210 which were observed to be present in 
relatively high yield; these are believed to be products of 
alpha-emitting radioactive chains? originating from heavier 
isotopes which are found in higher yield as can be seen 
from the curve. 

The distribution of fission products seems to show only 
a single peak in the region of maximum yield. These 
results are of course very much in contrast with the yield 
curve for slow neutron fission of U5 with its very char- 
acteristic two peaks and deep valley in between.* This is 
not unexpected in view of the previously observed in- 
creased relative yield of fission products resulting from 
symmetrical cleavage as the energy of the bombarding 
particle is increased.‘~? This single maximum is some- 
what similar to that observed by Goeckermann and 
Perlman? in the fission of bismuth with 190-Mev deuterons, 
although the maximum, of course, occurs at a higher mass 
number. The data indicate, but are not sufficiently accurate 
to prove, that the maximum in the curve occurs at a mass 
number definitely less than one-half that of the initial 
compound nucleus formed in the reaction as is the case 
for bismuth fission, and thus it cannot be said with certainty 
whether fission is preceded by the emission of a number of 
neutrons as in the mechanism proposed by Goeckermann 
and Perlman. Since uranium can undergo fission as the 
result of small excitation energy, it is probable that some 
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Fic. 1. Relative yield curve for products from 380-Mev helium ion 
bombardment of uranium. 
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of the fission results from reactions in which only a fraction 
of the total energy of the helium ion is utilized to form a 
fissioning compound nucleus of mass around 240, a mecha- 
nism similar to that of slow neutron fission results. Thus 
a number of mechanisms may prevail ranging from this 
one to that in which a number of neutrons are emitted 
before the fission process, giving rise to symmetrical 
cleavage as the most probable process, with the latter 
mechanism perhaps predominating in view of the shape of 
the distribution curve. 

The fission yield curve definitely extends to higher and 
lower mass numbers than is the case for the fission of 
uranium ‘with lower energy particles. At the low energy 
end the products down to the region of atomic number 
about 27 seem definitely to be fission products, but the 
source of the 24Cr®® is doubtful in that the uranium may 
have contained sufficient iron impurity to account for the 
small yield of this isotope. It may be noted that if there 
are fission products with mass number as low as about 55 
it should be expected that there be heavy fission products 
extending up to about mass number 180, and hence 
joining with the region of spallation products. 

We would like to acknowledge the help of Mr. R. L. 
Folger in some of the chemical experiments and the 
cooperation of Mr. D. C. Sewell and Mr. J. T. Vale and 
the members of the 184-inch cyclotron group. This work 
was performed under the auspices of the Atomic Energy 
Commission. 


* Present address: Department of Chemistry, University of Minne- 
sota, Minneapolis, Minnesota. 
1See, e.g., A. Ghiorso, A. H. Jaffey, and H. P. Robinson, “An 
alpha-pulse analyzer apparatus,’’ Plutonium Project Record, 14B, 
17.3 (1948) (to be issued). 
2A. Ghiorso, W. W. Meinke, and G. T. Seaborg, Phys. Rev. 74, 
695 (1948). 
3 “Nuclei formed in fission,”” Plutonium in oye J. Am. Chem. Soc. 
68, 2411 (1946); Rev. Mod. Phys. 18, 513 (19 
4Y. Nishina, K. Kimura, T. Yasaki, and Va Ikawa, Nature 146, 
24 (1940); Phys. Rev. 58, 660 (1940); 59, 323 (1941); 59, 667 (1941). 
. Segré a nd G. T. Seaborg, Phys. Rev. 59, 212 (1941) 
oA, S. Newton, Phys. Rev. (in press). 
7A. Turkevich, presented at meeting of A.A.A.S. in Chicago (De- 
— 1947). 
®§ R. H. Goeckermann and I. Perlman, Phys. Rev. 73, 1127 (1948). 





Cross Section for the Reaction C!2(,n)C!! 


J. L. LAwson AND M. L. PERLMAN* 
Research Laboratory, General Electric Company, Schenectady, New York 
September 22, 1948 


URE graphite has been irradiated by x-rays from the 
betatron operating at 50 and 98 Mev at measured 
quantum intensities. The number of (y,m) processes 
occurring per unit time was determined by observation of 
the C" activity with a calibrated Geiger-Miiller counter. 
The quantum intensity was determined for both 50- 
and 98-Mev betatron operation first by calibrating an 
ionization chamber monitor at low level with an absolute 
x-ray spectrum analyzer designed by one of the authors, 
and second by a careful measurement of the relative ion 
chamber response from the low level operation to the high 
levels used in the C® bombardment. While this second 
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calibration step seems simple and straightforward, it was 
found somewhat difficult because of the large intensity 
range covered (about 105), the desired accuracy (about 
5 percent), and the fluctuating nature of the betatron 
x-ray beam. The spectrum analyzer, used to calibrate the 
ion chamber at low level in terms of the absolute quantum 
intensity, counts electron-positron pairs ejected from a 
thin target of chosen material and weight. This analyzer 
first uses a collimator which defines a beam aperture and, 
by means of a magnetic field region, clears the beam of 
charged particles. A pair-forming target, magnetic field, 
and Geiger-counter array then serves to register electron 
and positron events; finally, an analyzing circuit registers 
electron-positron events of given total energy, which is, 
therefore, essentially the pair spectrum. This instrument 
at present registers pairs in energy channels 15 Mev in 
width; the number of quanta in each energy channel is 
obtained from the pair data, the pair-forming target 
thickness, and the cross section for pair production. This 
last cross section is now known theoretically and experi- 
mentally.! 

The spectrographic graphite powder irradiated was held 
in an aluminum mount in a layer of uniform thickness and 
known area. The mount was accurately positioned so that 
the graphite layer subtended exactly the same part of the 
beam subtended by the pair radiator. 

After irradiation for a known time at nearly constant 
and known intensity, all the powder was formed into a 
pellet of standard geometry; the subsequent decay of the 
20-minute C" activity was followed. The geometry, 
counting arrangements, and correction methods for ab- 
sorption, self-absorption, and back-scattering were the 
same as those used for studies of relative yields x-ray 
induced nuclear reactions.? After the counting measure- 
ments were completed, the graphite was weighed and the 
target thickness calculated. The activity was calculated 
to saturation bombardment, and it was corrected for the 
geometrical efficiency of the end-window counter. This 
efficiency (34 percent of the total solid angle) was deter- 
mined with the aid of a thin weighed U;0s deposit—the 
UX: beta-rays of which were counted through an absorber 
sufficiently thick to remove the soft UX, radiations. 

Results of the measurements are shown in Table I. 
The numbers in column II are calculated by dividing the 
number of pairs per minute in the 15-Mev wide band 
(centered at 30 Mev) by the width, and then dividing by 
the cross section for pair production at 30 Mev and also 
by the‘ pair-forming target thickness. The quantity, ¢, 
shown in the fourth column is essentially the ratio of 
column III to column II and represents the product of 
cross section by the level width of the y-m reaction, 


TABLE I. 








II Ill IV 
No. of quanta/ No. of (y, 
Mev minute processes Zz. é a =| 
(at 30 Mev) mg atom cm~? II X6.02 X10” 
48 X10725 Mev cm? 


98 4.74 X107 4220 1.48 
98 4.74 X107 4220 1.48 X10-25 Mev cm? 
1.46 X10-25 Mev cm? 


50 1.24 X107 1090 
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providing the level is at approximately 30 Mev. The 

uncertainty in the absolute cross section is estimated to 
be +20 percent; however, the comparison of cross sections 
at 50 and 98 Mev is probably good to 5 percent. 

The fact that the cross sections based on the intensity 
at 30 Mev are the same with both 50-Mev and 98-Mev 
x-rays shows that quanta above 50 Mev in energy do not 
contribute appreciably to the (y,) process on C”, It is 
worth pointing out that this conclusion is independent of 
absolute pair production cross section, efficiency of pair 
counting, and corrections applied to the counting data for 
the C". It is probable that this conclusion applies to (7,7) 
reactions generally, in view of the fact that relative yields 
for these at 50 Mev and at 100 Mev follow the same trend.? 

A theory to account for some of the observations on 
x-ray induced nuclear relations has been put forward by 
M. Goldhaber and E. Teller. A cross section of about 
1-Mev barn is predicted for the reaction Cu®(y,n)Cu®. 
The Cu®(y,2) cross section can be deduced from the 
measured C!(y,m) cross section by use of the reaction 
resonance energy,‘ the relative yields of the two reactions,? 
and the relative quantum intensities at the two resonance 
energies. The result obtained in this way is 1.5-Mev barns. 


* Present address: Department of Chemistry, University of Wy- 
oming, Laramie, Wyoming. 

1J. L. Lawson, to be published. 

2M. L. Perlman and G. Friedlander, Phys. Rev. 74, 442 (1948). 

3M. Goldhaber and E. Teller, Phys. Rev. 74, 1046 (1948). We are 
indebted to Professor Goldhaber for making these results known to us 
before publication. 

4G. C. Baldwin and G. S. Klaiber, Phys. Rev. 73, 1156 (1948). 





Nuclear Spins and Quadrupole Moments of B’° 
and B?! 


WALTER GORDY AND HAROLD RING* 
Department of Physics, Duke University,** Durham, North Carolina 


AND 


ANTON B. BurG 


Department of Chemistry, University of Southern California,*** 
Los Angeles, California 


September 14, 1948 


ROM microwave absorption measurements on pure 

rotational transitions of borine carbonyl, the nuclear 
spin of B!° has been determined as 3 and that of B"™ as 3. 
Figure 1 shows a comparison of the observed and calculated 
hyperfine structure for the J = 1—>2 transition of B!°H;CO. 
Insofar as the spectrum could be resolved, there is good 
agreement between the observed spectrum and that 
calculated with J=3. The values of 1 and 2 can definitely 
be eliminated, and, of course, a zero value is eliminated by 
the fact that a hyperfine structure exists. The value of 3 
is also substantiated by the fact that broad lines were 
observed where groups of unresolvable lines were predicted. 
Likewise, there is good agreement between the observed 
hyperfine structure of B"H;CO and that calculated with 
I=}. (See Fig. 2.) The theoretical hyperfine structures 
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Fic. 1. Comparison of observed hyperfine structure of the J =1-+2 
—— i B”H;CO with that predicted for different assumed spin 
values o! ‘ 


calculated for other spin values but not shown here are 
not in agreement with observation. 

The nuclear quadrupole coupling, eQ(d*V)/(@z*), for B*® 
is —3.30+0.10 and that for BY is —1.55+0.08. Thus the 
quadrupole moments of the two boron isotopes are of the 
same sign, and that of B! is 2.13 times that of B™. 
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Fic. 2. Comparison of observed hyperfine structure of the J =1-+2 
transition of B"H3CO with that predicted for a B" spin of 3/2. 





The symmetric-top configuration for borine carbonyl 
has been proved, though the bond orbitals of the boron 
are not tetrahedral. As may be expected from its chemical 
instability, the molecule is easily distorted by centrifugal 
forces. Because of these distortions the K=1 lines of the 
J =1->2 transition occur at lower frequencies than do the 
K=O lines: 1.34 mc for B!°H;CO and 1.50 mc for B"H;CO. 

Further details, including data on other transitions, 
will be given in a later report. 


* Frederick Gardner Cottrell Fellow. 

** The research at this university was supported by a grant-in-aid 
from the Research Corporation. 

*** The work at this University was supported through a contract 
with the Office of Naval Research. 
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Erratum: Thermal Consequences of the Capture 
of Neutrinos by the Earth 
(Phys. Rev. 74, 621 (1948)] 


A. E. BENFIELD 
Department of Engineering Sciences and Applied Physics, 


Harvard University, Cambridge, Massachusetts 
HE Editor regrets that two mistakes were made in 
printing the above-named Letter to the Editor. 

(i) The second sentence of the first paragraph should 
read, ‘‘He argues that neutrinos originating at the center 
of the sum would produce a maximum heating effect in the 
earth. . . .”” Theword sum was mistakenly printed for sun. 

(ii) The denominator of the first term of Eq. (1) should 
be 6k, not 61. 





A Search for Gamma-Rays from He® and F'* 


WILtiaM J. KNox 


Radiation Laboratory, Department of Physics, University of California, 
Berkeley, California 


September 17, 1948 


HE series of beta-active nuclei He®, Be!®, C4, F138, 
Na”, etc., has created much discussion because some 
of its members show allowed transitions while others are 
forbidden. It seemed possible that the allowed cases might 
represent transitions to excited states; if so, a consistent 
rule would govern the transitions to the ground states. 
However, the results given below seem to exclude this 
explanation, unless the unlikely assumption of a very low 
energy gamma-ray is made. 

Absorption measurements on F!8 have shown a pene- 
trating radiation which has the expected annihilation 
radiation energy of about 0.5 Mev. In order to exclude 
further the possibility of a true gamma-ray of about 
0.5-Mev energy, which would not be detected by half- 
thickness measurements, absorption curves on F!8 and C"! 
have been compared to see if the ratio of positrons to 
photons is the same. C"! is assumed to have no gamma-ray, 
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Fic. 1. Absorption of He® betas in aluminum and comparison curves 
on P® and UX2. 
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since the upper energy limit of its positron spectrum! 
corresponds very closely to both the mass difference? and 
the computed Coulomb energy difference! between B" 
and C", and the spectrum is apparently simple. The C" 
and F!® on which the measurements were made were 
produced by (#,2m) reactions on polystyrene foils and LiF 
using 90-Mev neutrons produced by the 184-inch cyclotron. 
The shorter-lived activities (O'', N13, C!) were allowed to 
decay out of the F!* samples before making measurements. 
The ratio of the number of counts coming from the sample 
when surrounded by 400 mg/cm? of Al to the number of 
beta-counts extrapolated to zero absorber was observed to 
be 0.011 for C" and 0.010 for F'8, both values with a 
probable error of about ten percent. These values are 
consistent with the known counting efficiency for annihi- 
lation radiation of the Geiger tubes used. There is no 
evidence from these measurements that there is a nuclear 
gamma-ray associated with F!8, 

He® was obtained by bombarding powdered Be in a 
brass vessel with 11-Mev neutrons produced by the 60-inch 
cyclotron. For the purpose of identification the half-life 
was measured on an automatic photographic short half-life 
measuring apparatus,’ and five determinations gave a 
value of 0.82+0.06 second in agreement with previously 
reported values.** For absorption measurements a con- 
tinuous flow method was used in which the He® was 
swept from the vessel with helium, filtered through a fine 
glass wool plug, and transported through about 85 ft. of 
7s-in. tubing to the cyclotron control room, where back- 
ground radiation was low enough to make measurements 
while the cyclotron was operating. An end window Geiger 
tube suspended above a graphite block and surrounded by 
a lead shield was used for counting. The He* was swept 
through a chamber,in the graphite block which was 
covered by a 1.5-mil Al window situated directly beneath 
the Geiger tube. In this manner essentially all of the He® 
beta-particles emitted in the vicinity of the counter, with 
the exception of those actually counted, were absorbed in 
carbon, thus minimizing bremsstrahlung. Flat aluminum 
absorbers were interposed between the counting tube and 
the gas chamber, and counting was done with the cyclotron 
operating at a constant level and with the He flowing at 
a constant rate. Under these operating conditions the 
reproducibility of a monitoring count using some standard 
amount of absorber was within + four percent for a given 
set of measurements. The absorption curve obtained is 
reproduced in Fig. 1, together with comparison curves 
taken under similar conditions of geometry and absorber 
arrangement on samples of P® and UX:z. The initial 
portion of the curve was obtained with a zero absorber 
counting rate of about 10,000 c.p.m. while the final portion 
was obtained with about five times this intensity. Coinci- 
dence corrections were made and all points were normalized 
to 100 at zero absorber. Probable errors due to counting 
are shown on the lowest points. The amount of radiation 
penetrating more than 2 g/cm? of absorber is about 0.05 
percent of the total number of counts, which is the magni- 
tude expected due to production of bremsstrahlung. 
Hence, it is concluded that there is no gamma-ray associ- 
ated with the disintegration of He® unless it is of very low 














energy (<100 kev) or of low intensity (< ten percent of 
disintegrations if gamma-ray were of 1 Mev). Further 
comparison of the He® curve with the P® and UX: curves 
gives ranges of 1.85 and 1.88 g/cm? of aluminum, respec- 
tively. This corresponds to a maximum energy of 3.7 Mev, 
using the range-energy relationship Emax=1.85R+0.245,° 
with an estimated possible error of +0.2 Mev. This value 
for the energy is in close agreement with previously 
reported values.* § 

Appreciation is expressed to Professor E. M. McMillan 
for suggesting this problem. This paper is based on work 
performed under the auspices of the Atomic Energy 
Commission in connection with the Radiation Laboratory, 
University of California, Berkeley, California. 

1 Delsasso, White, Barkas, and Creutz, Phys. Rev. 58, 586 (1940). 

2? Haxby, Shoupp, Stephens, and Wells, Phys. Rev. 58, 1035 (1940). 

3T. M. Putnam, to be published. 

4 Bjerge and Brgstrom, Kgl. Danske Vid. Sels. Math.-Fys. Medd. 
16, No. 8 (1938). 


H. S. Sommers, Jr. and R. Sherr, Phys. Rev. 69, 21 (1946). 
6 L. E. Glendenin, Nucleonics 2, No. 1 (Jan. 1948). 





The Nuclear Spin and Magnetic Moment 
of Na??* 


LuTHER Davis, Jr. 


Research Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


September 13, 1948 


HE atomic beam magnetic resonance method,! as 

used by Zacharias? to determine the nuclear spin 
and magnetic moment of K*°, has been modified to permit 
similar observations to be made with radioactive nuclei 
having considerably shorter half-lives. These modifications 
involve the use of a mass spectrometer for separating the 
Na™ peaks from the large background of Na® and a 
beryllium copper multistage electron multiplier** for 
detecting the Na”. The source of atoms for the beam is a 
monel metal oven with an exit canal long compared with 
its width, designed so as to conserve radioactive material. 
A sample of NaN; containing 330 microcuries of Na” 
(3X 10-® mole) in a dilution of one part in 10‘ of Na®N; 
was placed in the oven. Decomposition occurs at 320°C, 
providing an atomic sodium beam. A 16-hour run was 
sufficient for all present determinations and required the 
evaporation of only 4X 10-!° mole of Na” out of the oven. 
The beam intensity of Na* was naturally small, a few 
thousand atoms/sec., and the radiofrequency transition 
intensities were less than 100 atoms/sec. 

Two types of transitions were observed, first at low 
frequency with Amy= +1 and AF=0. These permit direct 
comparison of gr for Na*, with gr for Na®. For an unex- 
cited alkali atom, F=J+4, and the spin of the Na® is 
obtained as soon as a transition is observed at the mass 
position 22 of the mass spectrograph. 

Search was made for resonances with the homogeneous 
field (as determined by the Na* transition) and radio- 
frequency set for transitions corresponding to J=0, 1, 2, 
3, 4, 5, and 6, and with the mass spectrometer set for 22. 
Resonances were observed only for spin 3 at mass 22. 
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Fic. 1. Transition intensity vs. frequency of oscillating field for the 
two Na® lines F =7/2, My = +1/2->F =5/2, Mj =+1/2 at a field of 
6.17 gauss. One count/sec. is equivalent to about 7 atoms/sec. 


These peaks faded out for mass numbers 224 and 213 
and could not possibly have been a spurious effect from 
the more abundant Na*. These low frequency resonances 
were followed as the magnetic field was increased to 
permit an evaluation of the h.f.s. Ay of Na. The second 
type of transition can then be made in which AF= +1. 
Curve 1 shows the result of an experiment in which a 
AF= +1 transition was made in almost zero field. 

The results show that the spin of Na® is 3 in units of 
h/2x, and its h.f.s. Av is 1220.64+0.04 mgc/sec. By 
comparison with the value of the nuclear magnetic 
moment of Na, given by Millman and Kusch,® we obtain 
for Na®, 1.746+0.003 nuclear magnetons. The sign of 
this nuclear moment was also shown to be positive in 
just the way that was used by Zacharias on K*. 

Good, Peaslee, and Deutsch® report that the disintegra- 
tion of Na* goes by 100 percent positron emission to an 
excited state of Ne”, and they conclude also that the spin 
of this excited state differs from that of Na* by at most 
one unit. The spin of Ne** is therefore either 2, 3, or 4. 
Further unpublished data by Professor Deutsch indicate 
that the effective half-life for the possible transition to the 
ground state of Ne” is at least 5000 years, consistent with 
a spin change of three units. 

I am greatly indebted to Dr. E. T. Clarke who prepared 
the Na® by a Mg”™(d,a)Na™ reaction in the M. I. T. 
cyclotron, to Professor J. W. Irvine, Jr., for the separation’ 
of the Na* from the cyclotron target and for the conversion 
of the Na“Cl to Na*N;, to Dr. Darragh Nagle for the 
design and construction of the molecular beam apparatus 
adapted for use in this experiment, and to Professor J. R. 
Zacharias who suggested the problem and some of the 
methods, and with whom constant discussions of the 
problems involved led to the successful conclusion of this 
experiment. 

* This work has been supported in part by the Signal Corps, the 
Air Materiel Command, and the Office of Naval Research. 

eg = S. Millman, and I. I. Rabi, Phys. Rev. 57, 765 (1940). 

2 J. R. Zacharias, Phys. Rev. 61, 270 (1942). 

3J. S. Allen, Phys. Rev. 55, 967 (1939). 

4 Hin Lew, Hyperfine Structure of Aluminum by Atomic Beam Method 
(M. I. T. thesis, 1948). 

5S. Millman P. Kusch, Phys. Rev. 58, 438 (1940). 

ae) M. - Peaslee, and M. Deutsch, Phys. Rev. 69, 813 


(1946 
TJ. hv. Irvine, Jr. and E. T. Clarke, J. Chem. Phys. 16, 686 (1948). 
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Note on the Spins of Nuclei of Mass 
Number Ten 


M. GOLDHABER* 
Brookhaven National Laboratory,** Upton, Long Island, New York 
September 13, 1948 


HREE nuclei of mass number ten are known: Be!®, 

B!°, and C!", B!° is stable and is assumed to have a 
nuclear spin J=1, like the other stable nuclei (D*, Li‘, 
and N") which are “self-conjugate’’ (having an odd 
number of protons and an equal number of neutrons). 
Be!’ decays to B!° with the emission of B-rays with a 
maximum energy E=0.56 Mev and a half-life T=(2.5 
—2.9)X10® years.! This lifetime is approximately 10°-10'° 
times longer than would be expected for an allowed 
transition. The apparently similar transition He®-SLis 
(E=3.7 Mev, T=0.8 sec.) is allowed. Many attempts 
have been made to explain the long life of Be, which 
has proved to be an outstanding difficulty for 8-ray theory. 
The following alternative assumptions have usually been 
made: Assumption (a)—Though even-even nuclei have as 
a rule the spin J=0, Be!® is an exception and has the spin 
I=4. The transition from Be!® to B!° would then involve 
a spin change AJ=3 which would make the long lifetime 
reasonable. Assumption (b)—The spin of Be, like that 
of other even-even nuclei, is J=0, but the §-transition, 
IJ=0—I=1, is forbidden because of a selection rule which 
does not operate in the case of the transition He*—Li®. 

Both assumptions are not very satisfactory. Following 
the discovery by Davis? that Na™ (a “‘self-conjugate”’ 
nucleus) has the spin J=3 and a magnetic moment 
u=1.746, it seems worth while to discuss the following 
assumption: Assumption (c)—The spin of BM i is not I=1, 
as hitherto assumed, but J=3. 

Some of the consequences of assumption (c) are the 
following: 

(1) From the g-value 0.598, measured by Millman, 
Kusch, and Rabi,’ a value for the magnetic moment of 
B!° n= 1.794 would follow. 

(2) From a formula due to Sachs‘ it can be shown that 
the measured g-value is compatible with a *D; state for 
B®, with only a slight admixture of higher states. According 
to Feenberg and Phillips,5 a system of five protons and 
five neutrons is rather unique in having in the Hartree 
approximation two degenerate *D states, as well as a °F 
and a °G state near the ground state, which might all 
contribute to an J=3 state. 

(3) The spin of Be!® could be assumed to be J=0, as for 
other even-even nuclei, and the 8-transition would be 
highly forbidden because AI =3. 

(4) Similarly, C!° could be assumed to have J=0. 
Sherr, Muether, and White® have shown that this nucleus 
decays to an excited state of B®. The transition to the 
ground state of B' would be highly forbidden because 
AI=3. 

(5) In the reaction B!°+D*+Be’+ He’, Be® is usually 
found in its excited state of ~3 Mev,’ which has on good 
grounds been identified as a D-state.8 This would be 
difficult to understand if the spin of B'® were J=1 rather 
than J=3. 
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Many other nuclear reactions involving B' might be 
worth discussing in the light of the assumption made 
about its spin, but such a discussion might better await a 
direct measurement of this quantity, which is now being 
attempted in the Nuclear Moments Laboratory here. 


* University of Illinois. 
** Research carried out at Brookhaven National Laboratory under 
the a of the Atomic Energy Commission. 
M. McMillan, Phys. Rev. 72, 591 (1947); D. j; Hughes, C, 
Eesicr, and C. M. Huddleston, Phys. Rev. 71, 269 (4 947 
2Luther Davis, Jr., Phys. Rev. 74, 1193 (1948). I ie to thank 
Dr. Zacharias and Mr. Davis for informing me of this result before 
publication. 
3S. Millman, P. Kusch, and I. I. Rabi, Phys. Rev. 56, 165 (1939). 
4R. G. Sachs, Phys. Rev. 69, 611 (1946). 
5 E, Sg 4 and M. Phillips, Phys. Rev. 51, 597 (1937). 
6 R. Sherr, H. R. Muether, and M. G. White, Bull. Am. Phys. Soc. 
23, No. 3, 45 (1948). 
tJ. D. Cockcroft and W. B. Lewis, Proc. Roy. Soc. a 246 (1936); 
P. I. Dee 3 C. W. Gilbert, Phys. Rev. 154, 279 (1936 
a ‘ ry W. F. Hornyak and T. Lauritsen, Rev. Mod. Phys. 20, 191 





Microwave Absorption Line Frequencies of 
Methyl Alcohol and their Stark Effect 


DonaLD K. COLES 
Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 
September 16, 1948 


HE CH;0H molecule presents an interesting problem 
for analysis because of the internal rotation of the 


OH bond around the axis of the OCH; group. Hershberger 
and Turkevitch! and Dailey? have reported altogether about 
twenty-five microwave absorption lines for methyl alcohol, 
including eight lines which appear to form a converging 
series. . 

The first ‘‘line’’ of this series has now been resolved into 
three distinct lines, and more accurate frequency measure- 
ments have been made on the first nine members of the 
series. The first-order Stark effect of these lines, observed 
first by Dailey, has now been studied in detail. The 
absorption lines were split with low electric fields (0.5 to 
50 volts per cm), observations being made with the electric 
field of the microwave parallel to the static electric field, 
so that the Stark quantum number M does not change 
during a microwave-induced transition. 

For modulation purposes a much smaller electric field 
(0.1 to 1.0 volts per cm) was superimposed on the static 
electric field. Different frequencies of alternation were 
used, from 50 kc to 400 ke, and the crystal current amplifier 
was usually tuned to the frequency of the alternating field. 
It is worth remarking that a non-zero value of the static 
electric field must be used with this method of tuning. 
Otherwise, the Stark pattern for the second half of the 
cycle will be identical with that for the first half of the 
cycle, and no modulation will be observed. 

The Stark components of each line were spaced almost 
uniformly, and the outer components were most intense. 
This means that the quantum number J does not change 
during a transition, and that the number of components 
on each side of the pattern is equal to J. The values of J 
thus determined and the line frequencies are listed below. 
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TABLE I, 


TABLE I. Alpha-ray sprecta of RaC and RaC’. 








Stark coefficient A 
(mc per e.s.u.) 


Frequency 
(megacycles) 


nN 


Relative integral 


Alpha-energy 
Mev intensity 


Element 





24,934.38 
24,928.70 
24,933.47 
24,959.08 
25,018.14 
25,124.88 
25,294.41 
25,541.43 
25,878.18 


SOBNAUHE WH 


— 


7.683 (ref.) 
5.517 +0.02 
5.466 +0.02 
5.333 +0.02 


7.683 (ref.) 
9.080 +0.015 








The frequency shifts of the Stark components from the 
center of the pattern were found to be rather accurately 
proportional to the electric field E and the Stark compo- 
nent quantum number M. The Stark coefficient tabulated 
in Table I is the coefficient A in the equation 


vim =A(ME/J?+J). (1) 


Although the coefficient A depended only slightly on M 
and E, it was found to depend greatly on J. 

Recent calculations by Dennison and Burkhard? provide 
a series of lines starting with J=2, which can be closely 
fitted to the observed frequencies. Their preliminary 
calculations were based on a special model of an asym- 
metric-top with hindered internal rotation. Such a model, 
however, seems inadequate to explain the observed 
dependence of the Stark coefficients on J. 

The Stark effect measurements are rather well repre- 
sented by the formula 





Av(sec.—!) = 


E(e.s.u.) | M 


h (J?-+J)3 
0.895 x 10718 
(J?+J)} 


In Eq. (2) the quantity 0.895 107!8 is presumably the 
value in e.s.u. of the electric dipole moment parallel to the 
axis of symmetry. From this and a generally accepted 
value for the total dipole moment, we find the value 
1.41 X 10-8 e.s.u. for the component of the dipole moment 
perpendicular to the symmetry axis. 

From Eq. (2) one may deduce a value for the change 
(during a transition) of the internal direction cosine to be 
associated with this component of the dipole moment. 
This value is approimately 0.0080(J?+J)}. 

1W. D. Hershberger and J. Turkevitch, Phys. Rev. 71, 554 (1947). 

2B. P. Dailey, Phys. Rev. 72, 84 (1947). 


3D. M. Dennison and D. G. Burkhard, Symposium on Molecular 
Structure and Spectroscopy, Ohio State University (June 1948). 
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Alpha-Ray Spectra of RaC and RaC’ 


W. Y. CHANG 


Palmer Physical Laboratory, Princeton University, 
Princeton, New Jersey 


August 27, 1948 


EFORE the cyclotron magnet of the alpha-ray 
spectrograph* was returned to the cyclotron group, 
a few plates were exposed to the alpha-particles from 
several natural radioactive sources, still using the track 


method of detection. Examination of the plates has been 
mostly done during the past few months. The following 
is a summary of the results obtained for RaC and RaC’. 
The results for RdTh, ThC, and ThC’ will be presented in 
the following note. We must say that several cases, 
especially those concerned with the weak lines, need 
further study with stronger sources. 

Sources of radon deposit were prepared in the following 
usual manner. Radon gas of about 150 m.c. was introduced 
by means of a mercury pump into the vacuum of a glass 
tube, which contained a nickel cylinder with a platinum 
wire at the center. The radon gas was condensed onto the 
wire with liquid air outside. The wire was negatively 
charged at about 250 v relative to the cylinder. After 
about five hours the wire was removed, washed with 
alcohol, and heated in vacuum to about 400°C. When 
exposure of the plates was started in the spectrograph, 
RaA had practically died out, leaving mainly RaC and 
RaC’ as the alpha-ray sources on the wire. 

To study the region on the high energy side of the RaC’ 
line, the magnetic field was increased so that the RaC’ line 
was near to the low energy end ‘of the plate (about 19 cm 
long) but still on the plate. Examination of the plate was 
extended up to a region of about 11.5 Mev. Only one line 
at 9.080 Mev has been found. The intensity and energy 
of this line can nicely be identified with the third long- 
range line as found by Rutherford and his co-workers. 
The other lines do not show up on the plate, presumably 
because the source was too weak; the peak value 
of this line as found in the present case is not more 
than 20 times the general background. We feel that, in 
order to study these extremely weak long-range lines, the 
general background must be reduced to less than 1 in 10° 
of the main line. This background was presumably due to 
such scattering that the scattered particles produced 
tracks on the plate parallel to the true tracks of the 
particles which had come directly from the source. 

For the study of the region on the low energy side of 
the RaC’ line, the magnetic field was adjusted so that the 
RaC’ line was near to the high energy end of the plate. 
A region covering approximately 4.8-6.0 Mev was ex- 
amined. Three or four lines have been found in an interval 
of about 0.5 Mev (see the curve). The energies of the first 
two lines are in good agreement with the a; and az of RaC 
as found by Rutherford and his co-workers. The third one 
is weaker, and the fourth one (if true) is still weaker and 
very broad. The intensity of each line is roughly 1 in 10* 
of the intensity of the RaC’ line (for better values see 
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Fic. 1. Energy distribution of RaC alpha-particles. 


Table I). We did not measure the energy and intensity 
of the last (broad) line. The distribution curve was ap- 
proximately checked with a weaker source. It would be 
still desirable to repeat the experiments with stronger 
sources. 

We should like to thank Miss Sophia Wysienska and 
Mrs. Allen Fry for their invaluable help in examining the 
plates. 


*'W. Y. Chang, Phys. Rev. 69, 60 (1946). 





Alpha-Ray Spectra of RdTh, ThC, and ThC’ 


W. Y. CHANG AND T. CooR 


Palmer Physical Laboratory, Princeton University, 
Princeton, New Jersey 


August 27, 1948 


MESOTHORIUM source! of about 6 m.c. was 

dissolved in about 15 cc of 1N HCl and heated 
gently. A solution of 6 mg ZrCl: was then added to it. 
Finally, NH,OH was gradually added to the above solution 
until all Zr(OH)s: (as carrier for RdTh(OH).2) was precipi- 
tated (no excess of NH,OH). The precipitate was then 
dissolved in about 10 cc of 7gN HCl. Electrolysis of this 
last solution took place between two platinium wires as 
the electrodes and at a voltage of about 5 volts. A source 
prepared in this way was rich in RdTh containing some 
ThB, ThC, and ThC’. A source rich in ThC and ThC’ 
was also prepared from the above filtrate by electrolysis, 
which was first allowed to stand for a few days for ThB 
to grow. If this filtrate is made acidic, electrolysis will 
deposit the active products but not ThX (if alkaline, 
ThX will be out on the electrode but not the active 
deposit).? 

The alpha-ray spectrograph which was mentioned in 
the preceding note was used here also for the following 
experiments. Each plate exposed to a source prepared by 
the first method has had the RdTh lines and the ThC lines 
on the same plate when the magnetic field was properly 
adjusted. Here the RdTh lines were very strong. The 
ThC lines were so weak that the weak lines are missing, 
and the tracks of the two strong lines are countable. 
RdTh a@ line has been used as the reference line for 
calculating the energies of the other groups. It is seen 
from Table I that the relative intensities and energies of 


TABLE I. Alpha-Ray Spectra of RdTh, ThC, and ThC’. 








Alpha-energy 
Element Mev 


RdTh 5.420 (ref.) 30 
ao 5.354 +0.02 8 
a 


ThC 

RdThapo 5.420 (ref.) 
a1 6.113 +0.02 
ae 6.074 +0.02 


Relative integral 
intensity 





ThC’ 
ao 8.778 (ref.) 
- a2 10.553 +0.61 








these lines agree well with the values obtained by other 
investigations. 

The region on the high energy side of the ThC’ line was 
examined from two plates, one obtained from a source 
prepared by the first method and the other by the second 
method. Unfortunately, the source from the second method 
was not much stronger than that from the first method. 
So in both cases we have not found the weak long-range 
line, but the values from the two plates for the strong line 
are practically equal. Examination was extended up to 
about 11.5 Mev. 

As shown in the table, the energies and intensities 
obtained here and in the preceding note of the known lines 
are in close agreement with the values of the other workers.* 
However, our average values (without relativistic correc- 
tion) of the group energies are all slightly larger. 

The low energy regions of RaC’, RdTh, and ThC’ were 
examined thoroughly, down to about 2 Mev below the 
main line in each case. We have found no weak lines in 
RaC’ and ThC’ but some evidence of weak lines in RdTh. 
In the case of RdTh there seems to be a series of little 
humps, which occurred, in general, consistently when the 
examination was repeated. However, the peak values of 
these humps are not much larger than the statistical 
fluctuation; they are even less prominent than those found 
in Ra.* Therefore, one cannot draw any definite conclusion 
yet until the experiment is repeated further. 

In the low energy region of ThC’, there appear two 
prominent lines, one at 7.663 Mev and the other at 
6.891 Mev, being, respectively, roughly 1 in 300 and 1 in 
700 of the ThC’ line intensity. We feel that they are due 
to contamination. The first line may be due to RaC’, 
though we could not find the Ra line from a plate. which 
was exposed to a source prepared in the same way. The 
second line may be due to actinon, though the energy 
seems to be higher than the previous value, the difference 
being larger than the experimental error. 

Recently Wadey® has made an investigation of the Po 
alpha-particles. He has finally found that the weak lines, 
which we found before, were not apparent in his experi- 
ment, but that the distribution in the neighborhood of the 
main line was affected considerably when different ma- 


‘terials were used for the support. He explains, therefore, 


the Po weak lines as due to diffusion of Po atoms into the 
support and interaction with the crystals of the metal. 
The explanation is very interesting. In this connection it 
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may be worth while to mention that in our previous case 
a source prepared by condensing Po onto a palladium rod 
gave similar results to those on nickel strips. In any case, 
it is important to make a systematic experimental study 
starting with a support of very low atomic number. 

We should like to thank Miss Sophia Wysienska and 
Mrs. Allen Fry for their invaluable help in examining the 
plates. 


1 We are thankful to Dr. M. Blau, then of the Canadian Radium Uran- 
ium Company for lending us the mesothorium source. 

2F, dy, Chemistry of Radioactive Elements (1914), Part 2, second 
edition; E. Rutherford, Radioactive Substances and Their Radiations 
(1913); O. Hahn, Applied Radioactivity (1936). 

3 The results up to 1935 are collected in F. Rasetti’s book, Elements 
of Nuclear Physics (1936). 

4W. Y. Chang, Phys. Rev. 70, 632 (1946). 

5 To appear in Phys. Rev. One of us would like to thank Dr. W. G. 
Wadey for letting him read the manuscript before publication. 





Further Data Concerning the Variation of 
Penetrating Showers with Altitude* 


JOHN TINLOT 


Department of Physics and Laboratory of Nuclear Science and 
Engineering, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


September 20, 1948 


DDITIONAL data have been obtained confirming 

the preliminary results recently published! concerning 
the altitude variation of the penetrating showers. It is 
now clear that the frequency of these showers varies 
exponentially with atmospheric depth from sea level to an 
altitude of 30,000 feet, the highest altitude investigated. 
The information obtained in the recent measurements also 
makes it possible to estimate the relative importance of 
penetrating showers which are, and those which are not, 
accompanied by atmospheric showers. ‘ 

The detector of penetrating showers is described in the 
communication cited. Briefly, it consists of five trays of 
four Geiger-Mueller counters arranged in a block of lead 
as sketched in the inset of Fig. 1. Multiple coincident 
counter discharges of certain kinds are interpreted as 
detecting the passage of penetrating showers; these 
“events” are referred to by symbols of the type AgBg---, 
signifying simultaneous discharge of a- or more counters 
in tray A, B- or more counters in tray B, etc. During the 
experiments discussed here, an “extension’’ tray F was 
placed four inches to the side of the block of lead, at the 
level of the upper surface. This was used in conjunction 
with the detectors to investigate the correlation with 
atmospheric showers. The equipment in this form was op- 
erated at altitudes of 300 feet (Lexington, Massachusetts), 
9500 feet (Doolittle Ranch; Colorado), and 14,300 feet 
(Mt. Evans, Colorado). 

All of the events listed in the previous communication 
were recorded, in addition to events of the type A:B2C2.",, 
where n= 1, 2, 3, or 4. 

The complete set of data giving the frequencies of the 
events A,B,C\D,, A2B2C2, A1B:C2, and A2B2C; at seven 
different altitudes is reproduced in the graph. The event 
A>B2C2 is believed to be least affected by spurious effects 
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and thus to represent closely the occurrence of penetrating 
showers at all altitudes. The experimental points for this 
event lie on an exponential curve within the experimental 
error at all points. The exponential curve chosen by the 
method of least mean square errors to give the best fit 
yields an absorption thickness of 118+2 g cm™*. As can 
be seen from the figure, the events A:B2C2 and A2B.C, 
also follow the exponentials with the same absorption 
thickness down to the pressure 725 g cm~ (9500 feet). 

Information obtained with the extension tray is shown 
in Table I. Most significant is that the rate for the event 
A2B2C2F; is at all altitudes 10 percent or less than the 
rate for A2B2C:2. This clearly shows that the great majority 
of the events recorded by the penetrating shower detector 
are not accompanied by dense atmospheric showers. This 
finding disagrees with that of Janossy and Broadbent? who 
concluded that at sea level about one-half of the pene- 
trating showers are accompanied by atmospheric showers. 
It is evident, however, that the geometry of the detecting 
apparatus places a strong bias on the type of shower 
recorded. 

It is interesting to note that at 14,000 feet the event 
A;B:C2F, is about one-half as frequent as the event 
A2B2C2F,, while the frequencies of the events A2B2C2F» 
and A2B2C2F; are intermediate in value. Thus the atmos- 
pheric showers which accompany the passage of a pene- 
trating shower through the detector appear to have a high 
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Fic. 1. Complete set of data giving the frequency of the events 
A1BiC:D1, A2B:C1, A1B2C2, and A2B:C:2 at seven different altitudes. 
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density. The area of each counter is 67.5 cm?. If one 
assumed that all of the showers striking tray F had the 
same average density, one would calculate this density as 
being about 220 particles per square meter. 

The facilities for the work at Mt. Evans were provided 
by the Inter-University High Altitude Laboratory. 


* Assisted by the joint program of the Office of Naval Research and 


the Atomic Energy Commission. 
1J. Tinlot, Phys. Rev. 73, 1476 (1948), 
2D. Broadbent and L. Janossy, Proc. Roy. Soc. A192, 364 (1948). 





Development of Thick Emulsions by a 
Two-Bath Method* 
M. BLAu 
Columbia University, New York, New York 
AND 


J. A. DE FELICE 
Brookhaven National Laboratory, Upton, Long Island, New York 
September 13, 1948 


HE increased use of thick emulsions. in nuclear 
physics has made it desirable to find a satisfactory 
technique of uniformly developing them. Dilworth, 


Occhialini, and Payne’ have described the so-called temper-. 


ature development method. We are using an alternate 
method of development on Ilford, C2, 200 u plates, which 
is probably applicable to even thicker emulsions. The 
results we have obtained to date might be helpful to 
others who are using these emulsions. 

The method we adapted for our purpose is essentially 
that described by Crabtree et al.2 which was used for the 
uniform development of large quantities of motion picture 
film. In this method the developer is divided into two 
baths. The first bath contains the developing agent, part 
of the sodium sulfite and the potassium bromide, but no 
alkali. The second bath contains all the necessary con- 
stituents of an ordinary developer plus an additional 
amount of alkali. In the first bath the developer diffuses 
into the emulsion. However, the rate of development is 
very low because of the lack of alkali. In the second bath 
the actual development takes place because of the presence 
of the alkali. It was necessary to add developing agent to 
the second bath, because not enough can be absorbed from 
the first bath. ; 

After trying various combinations of the constituents 
and different times of development we find the following 
procedure to give the best results. 
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Soak in water for 10 min. 

Solution A for 30 min. (slight agitation). 

Solution B for 30 min. (no agitation). 

2 percent acetic acid 15 min. (agitation). 

Fix in F-5 at 74°F with constant agitations 
6-8 hours. 

Wash in running water 2 hours. 


Step 1: 
Step 2: 
Step 3: 
Step 4: 
Step 5: 


Step 6: 


Solution A: 
Elon 
Na2SO3 
Hydroquinone 
KBr 
H.0 to make 


Solution B: 
Stock D-19 
H:0 1600 cc 


Additional Na2CO; 16 g. 


For different batches of the same emulsion, slight 
adjustments of the developing times and the composition 
of the solutions may be necessary. The temperatures of 
the solutions in the Steps 1-4 were all kept constant at 
68°F. The temperature of the fixer could also be kept at 
68°F. However, it was increased to 74°F to shorten the 
fixing time. 

Because the temperature is kept constant the danger of 
reticulation is avoided. None of our plates showed any 
sign of reticulation. Proton tracks in the emulsion had 
their normal grain density while the background fog was 
very low. The plates appeared to be uniformly developed 
throughout the emulsion. 


* This document is based on work performed under Subcontract 
S-62 of Contract AT-30-2-GEN-16 for Brookhaven National Labora- 


tory at Columbia University. 
1C. C. Dilworth, G. P. S. Occhialini, and R. H. Payne, Nature 162, 


102 (1948). 
2 Crabtree, Parker, and Russel, Soc. Mot. Pic. ENO, VO RR 21, 21 


(1933). 


1.1 g. 
24.0 g. 
4.4 g. 
2.0 g. 
2000 cc 


400 cc 





Thermonuclear Reactions in the 
Expanding Universe 


R. A. ALPHER AND R. HERMAN 


Applied Physics Laboratory,* The Johns Hopkins University, 
Silver Spring, Maryland 


AND 


G. A. GAMow 
The George Washington University, Washington, D.C. 
September 15, 1948 


T has been shown in previous work!~ that the observed 
relative abundances of the elements can be explained 
satisfactorily by consideration of the building up of nuclei 
by successive neutron captures during the early stages of 
the expanding universe. Because of the radioactivity of 
the neutron, and also because neutrons are used in forming 
the elements, the building up process must have been 
completed essentially in a time of the order of several 
neutron decay periods, i.e., about 10*-10* sec. It should 
be noted that following the essential completion of the 
main element forming process, the temperature prevailing 
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in the expanding universe was still high. Consequently, 
one should expect changes in the relative abundances of 
the lighter elements as a result of thermonuclear reactions 
of these nuclei with protons. While these thermonuclear 
reactions must have proceeded during the element forming 
stage, their rates were negligible by comparison with those 
of neutron capture reactions. Examination of the relative 
abundance data suggests that the abnormally low abun- 
dances of certain of the light elements, such as lithium, 
beryllium, and boron, resulted from thermonuclear de- 
struction of these nuclei with the concomitant formation 
of additional helium. In contradistinction to the other 
light elements, these are found to have large cross sections 
for proton reactions.* 

On the basis of the foregoing discussion it may be shown 
that for certain of the light elements the difference between 
the present relative abundance and the abundance com- 
puted according to the neutron capture process is consistent 
with known thermonuclear reaction rates and cosmological 
information afforded by the neutron capture process. The 
well-known formula for the rate of thermonuclear reactions 
gives the number of processes per gram per second as*® 


p=5.3 X 10% pxixeF'prre—7* g- sec.—}, (1) 
where p is the total density of matter, x; and x2 the con- 
centrations by weight of the nuclei involved in the reaction, 


I'/h the probability of the reaction in sec.~! after penetra- 
tion, @ a function of the nuclear parameters, and 


r=aT-ts, (1a) 


where T is given in units of 10®°°K. The time dependence 
of temperature and density® of matter in the expanding 
universe, consistent with the conditions required by the 
neutron capture process, has been shown to be 8 


T =2.14X 10!%¢-1/2°K, (2a) 
and 
p=7.2X 1074-32 g¢ cm=. (2b) 
Using Eqs. (1) and (2) in 
d({Inx 
sid _ pm, (3) 


where mz is the mass of the nuclear species 2, with the 
concentration by weight of protons assumed constant, 
*1=0.5, we obtain 


InR= A[I(to)—I(¢)], (4) 


where R is the ratio of the observed relative abundance to 
that computed by the neutron capture theory,!~* 


A = —2.96 X 107 mex: T'oa?, (5a) 
I(t)=t"'6 exp(— B#!*) + BEi(— Be’®), (Sb) 


and B=3.60X10~%a. In Eqs. (5), to represents the time 
at which the proton reactions became important, and ¢ 
represents the current epoch. The quantities T, ¢, and a 
are given by Bethe‘ for a number of reactions. The quantity 
a is (20)/3 times the value of r tabulated by Bethe for 
T=20X 10°°K. 

Applying Eqs. (5) to the reactions of Li, Be, and B with 
protons, we find that in order to explain the present 
extremely low relative abundances of these elements by 
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thermonuclear destruction one must assume that the 
process became important at about to~10* sec. This value 
of to is of the correct order of magnitude for the time at 
which the neutron capture process became unimportant. 

The same analysis applied to other light elements, such 
as F!*, which also have rather low abundances compared 
to their computed values, yields a similar result. On the 
other hand, the elements involved in the carbon-nitrogen 
cycle reactions do not show any appreciable depletion 
because of thermonuclear reactions in the expanding 
universe. For example, in the case of N™ the assumption 
that to~10* sec. leads to the result that up to the present 
epoch the abundance of this nuclear species would have 
been reduced by only one part per million. 

*A portion of the work described in this paper was supported b 
the Bureau of Ordnance, U. S. Navy, under Contract NOrd-7386, “ 
“s es A. Alpher, H. A. Bethe, and G. A. Gamow, Phys. Rev. 73, 803 

2R. A. Alpher, Phys. Rev. (in press). 

3R. A. Alpher and R. C. Herman, Phys. Rev. (in press). 

4H. A. Bethe, Phys. Rev. 55, 434 (1939). 

5G, A. Gamow and E. Teller, Phys. Rev. 53, 608 (1938). 

6 We wish to point out that Eq. (2b) gives the time dependence of 
matter density in an expanding universe controlled by radiation. It 
is believed that the error involved in employing this relation up to 
the present epoch is not large. 


7G. A. Gamow, Phys. Rev. 74, 505 (1948). 
8G. A. Gamow, Nature, in press. 





On the Total Half-Life Period of K*° 


T. GrAF 
L. Meitner Laboratory of Nuclear Physics, Stockholm, Sweden 
September 10, 1948 


N connection with the recent determination! of the 
B-decay constant of K*, which yielded Ag= (0.505 
+0.055) X 10-® year“, with a corresponding 8-decay period 
Tg=(13.7+1.5)X10® years, an attempt was made to 
revise the branching ratio \./Ag, where X, is the decay 
constant for electron capture, as obtained by Bleuler and 
Gabriel,” in order to allow for the effect of back-scattering. 
With the corrected branching ratio (1.80.5) an approxi- 
mate value of (5+1.5)X10® years was computed for the 
total half-life T. 

At present a more accurate value of T may be calculated 
by combining the above value of Ag with Ahrens and 
Evans’? recent Ca‘*/K*® ratio in lepidolites, which became 
available after the mailing date of the author’s notes.»4 
Since in these minerals, of age =2.1 10° years, an excess 
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Fic. 1. Decay scheme of K with relative branching intensities. 
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of Ca*® was found, corresponding to a mean value of 11 
for the ratio of radiogenic Ca**/K*, from the relation 
Cat?/K4? = (Ag/d)Lexp(t)— 1] one obtains readily for the 
total decay constant \=A,.+Ag= (1.74+0.22) X 10~° year“, 
and for T=(4.0+0.5)X108 years. Hence, A.=(1.235 
+0.22)X10-® year and A./Ag=2.45+0.50. Figure 1 
shows the resulting decay scheme for K**. The limits of T 
account for an incertitude of 25 percent in the value of 
Ca**/K*° and for a probable error of 1.2108 years in the 
value of t. The coincidence with the approximate figure of 
4X10® years suggested by Thompson and Rowlands5 is 
fortuitous, since these authors assumed larger values for 
both A./Ag(~3) and Tg(16 X 108 years®). 

Ahrens and Evans themselves deduced (4.50.5) X 108 
years from their Ca*®/K*® ratio. They used a dg value 
obtained by raising by 50 percent Miihlhoff’s® value and 
by reducing Bleuler and Gabriel’s by an amount corre- 
sponding to an estimated scattering of 50 percent. Thus, 
a value of 10.6108 years was obtained for the 6-decay 
period. However, as pointed out previously,! Bleuler and 
Gabriel made no comparison but, instead, an absolute 
determination of Ag from the observed counting rate. 
Since reflection through the whole surface of the brass 
source mount in their experiments may reach 60 percent,’ 
it may, when not allowed for, together with the low value 
of 90 percent assumed for the counter efficiency (instead 
of unity), enhance the value found for Ag by a factor 
1.60/0.90=1.78, or even more. On the other hand, in 
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Miihlhoff’s comparison between K** and uranium, differ- 
ences in back-scattering could account only for a small 
fraction of the proposed correction. 

The latest conclusions‘ on the geophysical significance 
of potassium may remain essentially unchanged, in par- 
ticular the value of (22+3)X10~* cal. per year per gram, 
given for the present heat production of potassium. 
However, the estimates** concerning the heat output of 
potassium in the past appear to be rather conservative. 
In fact, with the new value of the total half-life the heat 
produced by potassium 210° years ago appears to be 3 
times, and 3.35X10° years ago—at the origin of the 
earth*—36 times larger than that generated at present by 
the total amount of radioactivity in the earth’s crust. 

Furthermore, when assuming, following Suess,® that the 
K*° content originally present in potassium was of the 
same magnitude as that of Lu!”* in lutetium (~3 percent), 
it may be concluded that the “age” of potassium, and of 
the other elements, cannot be significantly higher than 
the age of the earth, and is probably less than 4 X 10° vears. 


1T. Graf, ‘‘On the half-life of K®,’’ Phys. Rev. 74, 831 (1948). 

2 E. Bleuler and M. Gabriel, Helv. Phys. Acta 20, 67 (1947). 

3L. H. Ahrens and R. D. Evans, Phys. Rev. 74, 279 (1948). 

4T. Graf, ‘Significance of the radioactivity of K® in geophysics,” 
Phys. Rev. 74, 831 (1948). 

5 F, C. Thompson and S. Rowlands, Woo . 103 (1943). 

6 W. Miihlhoff, Ann. d. ares * 205 (19 

7T. Graf (work to be published 

8 A. Holmes, Nature 159, 127 (1947). 

9H. E. Suess, Phys. Rev. 73, 1209 (1948). 
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HE 285th meeting of the American Physical 

Society, being the 1948 Spring Meeting, 
was held at Washington, D. C., on Thursday, 
Friday, and Saturday, April 29, 30, and May 1, 
1948. In respect of the number of contributed pa- 
pers (231) this was by over 20 percent the largest 
meeting of our history. Whether it was also the 
largest in respect to attendance will never be 
known; the registration was only 1450 (against 
more than 1700 at the previous New York 
meeting), but the wide dispersion of the sessions 
may have discouraged many of our members 
from coming to the one building where a regis- 
tration desk was installed. This was the Lisner 
Auditorium of George Washington University: 
we held sessions also in two rooms of the Hall of 
Government of that University, in the National 
Academy of Sciences, in the new East-Building 
lecture room of the National Bureau of Stand- 
ards, and in the auditoriums of the Departments 
of Commerce and Interior. Deep gratitude is due 
the authorities of these institutions and the 
Local Committee, headed as last year by Pro- 
fessor T. B. Brown; special thanks are owed 
Mrs. L. Marton who took charge of the distri- 
bution of tickets to the dinner and other gather- 
ings, to Mr. Hugh Odishaw of the National 
Bureau of Standards who provided for the 
staffing for the registration desk, to Mrs. F. G. 
Brickwedde for arranging a reception by Mrs. 
Truman for visiting ladies—and to whatever 
controlled the weather, not sultry in the least 
but exceptionally delightful. 

The most extensive group of invited papers 
composed the Symposium on Radiofrequency 
and Microwave Spectroscopy, held under the 
joint sponsorship of the U. S. Navy and the 
American Physical Society (the idea originated 
with E. R. Piore) and extending over three 
sessions. Another group of invited papers pro- 
vided by the National Bureau of Standards 
consisted of six by members of its staff on basic 
physical measurements effected at that institu- 
tion. 
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A Symposium on Computing Machines in- 
cluded papers by Howard Aiken, R. L. Snyder, 
and W. J. Eckert. E. M. McMillan and E. Segré 
spoke of recent work at the Radiation Labora- 
tory in Berkeley, W. Heitler on theories of 
meson production, E. A. Johnson on magnetiza- 
tion of ancient glacial varves, and two invited 
papers were provided by the Division of Electron 
Physics. Two of our most distinguished members 
attained the age of eighty in this year of 1948: 
R. A. Millikan gave an address ‘‘Why My Stork 
Chose 1868” and R. W. Wood an after-dinner 
speech. The two hundred and thirty-one con- 
tributed papers were distributed among twenty- 
two sessions. Abstracts of these and titles of the 
invited papers are printed hereinafter. Post- 
deadline papers by J. W. DuMond and J. M. 
Richardson were given by authorization of the 
Council under the authority conferred upon it 
by a recent amendment of the by-laws of the 
Society. 

The banquet of the Society was held on 
Thursday evening in the Grand Ballroom of the 
Mayflower Hotel, President Oppenheimer pre- 
siding; the attendance was nearly 400. His 
Majesty’s Ambassador, Lord Inverchapel, pre- 
sented the Duddell Medal with accompanying 
scroll and check, which the Physical Society of 
London had awarded to R. J. Van de Graaff. 
R. W. Wood delighted the assembly with the 
after-dinner speech mentioned above, and five 
physicists and mathematicians (Carl Beck, 
Thomas Carroll, Duncan Harkin, Alan Shapley, 
and Alan Waterman) brought the evening to 
its culmination by rendering for us the Schu- 
mann piano quintet. 

The Council met on Saturday afternoon, and 
began its proceedings by electing to Membership 
no fewer than three hundred and five candidates 
(their names are appended) and to Fellowship 
Maurice Desirant. By mail ballot the Council 
had recently elected to Honorary Membership 
six distinguished foreign physicists: Louis de 
Broglie, James Chadwick, P. A. M. Dirac, H. A. 
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Kramers, Max von Laue, and Arnold Sommer- 
feld. J. A. Bearden and E. U. Condon were 
nominated to the National Research Council as 
representatives of the American Physical Society 
on the Division of Physical Sciences thereof, to 
serve until June 30, 1951. Ten sets of Physical 
Review and Reviews of Modern Physics, ex- 
tending over the war years and until June 30, 
1948, have been donated to Japanese institutions 
of learning; it is intended to confer a similar 
gift on German institutions. The organization 
of our publications is modified in. the following 
manner. J. T. Tate, the elected Managing Editor 
of all of the publications of the Society, continues 
in this role; he acquires the title of Editor of the 
Physical Review (reporting to himself as Man- 
aging Editor), and J. W. Buchta is appointed 
Editor of the Reviews of Modern Physics (re- 
porting to Tate as Managing Editor). Six addi- 
tional members of the Board of Editors (over 
and above the ten elected members) are to be 
appointed for staggered terms by the President 
of the Society. The sixteen members of the Board 
of Editors are then to be distributed into panels, 
one to be concerned primarily with the Physical 
Review and the other primarily with the Reviews 
of Modern Physics. 

The Society has lost through death James C. 
Biddle, Leonard E. Miller, Raymond E. Rein- 
hart, and Alva W. Smith. 

It is announced with great satisfaction that 
the 1948 Membership List of the American 
Physical Society is actually in press. 


Elected to Membership: Melvin W. Aarons, Frank L. 
Adelman, Frank J. Allen, Gabriel Allen, W. D. Allen, John 
W. Anderegg, Donald A. Anderson, Philip W. Anderson, 
Calvin G. Andre, Yngve Axner, Donald Hart Baker, 
Ewart M. Baldwin, Robert M. Baer, Domenick Barbiere, 
Ian G. Barbour, Paul Henry Barrett, Albert A‘len Bartlett, 
Leonard Becker, Benjamin Bederson, Marcel Benoit, John 
Robert Beyster, Lawrence C. Biedenharn, Jr., Arthur 
Trew Biehl, John A. Bjorkland, Wade Blocker, Franklin 
C. Bobb, Robert Bouchez, William Robert Bradford, 
Judith Bregman, Leo Broussard, Alfred B. Brown, Jr., 
John E. Brugger, Oscar Bunemann, Benedict Carlat, E. 
Thomas Casellini, Dwight A. Caswell, Tsung Sui Chang, 
Ruth K. Cheney, George Chertock, William Jeffries 
Childs, Eugene Lent Church, Edward Hawthorne Clark, 
Fred J. Clark, John F. Clark, Jr., Marshall R. Cleland, 
Matthew Conrad, Rodney L. Cool, Streatfield H. Cox, Jr., 
Lawrence H. Crandon, C. T. H. Crawford, John Norris 
Crawford, Pierre Cuer, J. Warren Culp, George L. Cun- 
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ningham, Jr., Stanley J. Czyzak, Milton Dank, Morris 
Darnowsky, Harry Davis, Robert B. Day, David L. 
Dexter, J. W. T. Dobbs, Jr., Hugh L. Donley, Angelo 
Drigo, Mae A. Driscoll, Walter F. Dudziak, Donal Baker 
Duncan, Richard P. Durbin, William T. Dyall, Freeman 
J. Dyson, Frank S. Eadie, Richard R. Eggleston, Geoffrey 
Gunther Eichholz, Mortimer M. Elkind, Cavid Ener, 
Frederic John Eppling, Kenneth W. Erickson, Harold W. 
Euker, Herman Farber, Robert E. Fearon, Melvin I. 
Ferentz, Wade Lanford Fite, Robert M. Frank, Marvin 
J. Freiser, Francois N. Frenkiel, Robert H. Frickel, Marvin 
Harold Friedman, Sidney Friedrich, Edward Allan Frie- 
man, Guy C. Fromm, Robert A. Frosch, John H. Gardner, 
I. E. Garrick, Richard Paul Gaunt, Frank C. Gibson, Otis 
R. Gilliam, Barbara M. Girdwood, Leonard Glatt, Leonard 
M. Goldman, Jacob H. Goldstein, William Livingston 
Gordon, S. R. Govindarajan, Rodney E. Grantham, 
Lowell Greenbery, Don J. Grove, Walter R. Guild, James 
Warren Hadley, Richard R. Haefner, William Marsland 
Hall, J. J. S. Hamilton, Swegn D. Hamren, Stanley S. 
Hanna, C. Austin Haulman, George W. Hees, James 
Ransom Heirtzler, Victor P. Henri, Gilman A. Hill, Oskar 
Hirzel, Bartow Hodge, Robert Bronson Holden, George 
T. Holmes, David W. Hone, E. Irl Howell, Richard H. 
Huddlestone, R. P. Hudson, John L. Hult, H. W. Ibser, 
John Ise, Jr., William B. Ittner, III, Edwin T. Jaynes, 
Leticia Mazzia Kahrilas, Walter Robert Keagy, Jr., 
Raymond L. Kelly, Robert Warner Kenney, George S. 
Kenny, William J. Knox, Irving L. Kofsky, Theodore 
Kohane, Alfred T. Kornfield, Samuel Koslov, William A. 
S. Lamb, George F. Lanzl, Ezra B. Larsen, Cesare Man- 
sueto Giulio Lattes, Samuel Lattimore, Roger B. Lazarus, 
Cecil E. Leith, Jr., Alan M. Liebschutz, Morris Liebson, 
Bernard R. Linden, G. .R. Lomanitz, Harvey C. Losow, 
Jerold M. Lowenstein, Leland J. Luft, Harold Carter 
Lukens, S. T. Ma, William Warren Managan, Bernard 
Margolis, Graham Wallace Marks, W. G. Marley, Leona 
Woods Marshall, David George Edwardes Martin, Robert 
L. Martin, Julius Marx, Jesse Marymont, Richard W. 
Mattoon, Charles William Mautz, Dean Augustus Mc- 
Cown, John Lawrence McHale, Jr., J. Rand McNally, Jr., 
Sister Marie Gertrude McNeil, Duane Torrance McRuer, 
J. Lawrence Meem, Jr., Harry W. Mergler, Lother Meyer, 
Daniel Weber Miller, Clark B. Millikan, Theodore Mischel, 
C. ‘D. Moak, Harold A. Moore, Samuel P. Morgan, Jr., 
Kennard Harold Morganstern, Leonard Muldawer, N. K, 
Mundle, Rev. Walter A. Murtaugh, O.P., John P. Nielsen. 
A. Wilson Nolle, Carrol R. Nisewanger, Rollin Hosmer 
Norris, Henry Pierre Noyes, Yves Nubar, Brian O’Brien, 
Jr., Louis Shreve Osborne, William J. Otting, Jr., Carl 
F. J. Overhage, Peter Edward Pashler, H. W. Peng, John 
Virgil Pennington, Alfred Morris Perry, Jr., Mary W. 
Peters, Albert G. Petschek, William G. Pfann, Anne N. 
Phillips, Donald D. Phillips, George Lawson Pickard, 
Arthur Gustav Pieper, Sidney Platt, Ralph H. Plumlee, 
Franklin Pollock, Frank Press, Luther E. Preuss, D. C. 
Ralph, Maurice Rattray, Jr., Robert H. Rediker, Robert 
Resnick, Stephen E. Reynolds, Wilson Richard, Leonard 
M. Rieser, Jr., Florence Robertson, Eugene Sant Robinson, 
Edward Rollinson, Arnold Rosen, Burt M. Rosenbaum, 








Marshall Nicholas Rosenbluth, Daniel Rosenthal, Marcel 
Rouault, Irving Rowe, Jose Maria Rubiato, William 
Rubinson, Malvin A. Ruderman, Albert Sevier Sabin, 
Arthur Sard, S. A. Schaaf, Robert Schafroth, Robert D. 
Schamberger, Edwin J. Schillinger, Jr., Albert Isadore 
Schindler, Roland W. Schmitt, Robert H. Schuler, Silvan 
S. Schweber, Robert H. Sehnert, Leo Seidlitz, Bryce 
Seligman, Richard B. Setlow, Pat Shao, Philip Shapiro, 
A. H. Shapley, Roy S. Sharpe, Frank C. Shoemaker, 
Seymour Shwiller, Virginia V. Sides, Richard A. Silverman, 
John Arol Simpson, David R. Smith, Joseph E. Smith, 
S. Ruven Smith, Bertrand W. Squier, Jr., Kenneth Jack 
Standley, Martin C. Steele, James S. Stewart, Bertram 
Stiller, William A. Stirrat, Richard G. Stoudenheimer, 
Joel Strandberg, Warren F. Stubbins, William H. Surber, 
Jr., Leonard I. Swern, Lewis P. Tabor, Samuel I. Taimuty, 
Francis K. Tallmadge, Charles Edwin Teeter, Jr., James 
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Michael Templeman, Fred H. Tenney, Michel Ter- 
Pogossian, George R. Thurman, Yu Ting, Jarvis Todd, 
Dominic S. Toffolo, John Roger Triplett, Gardiner Luttrell 
Tucker, T. E. Turner, Winfield W. Tyler, Francis E. Van 
Bergen, Mario Verde, Donald Wahl, Earle Horace Warner, 
Albert B. Weaver, Irving R. Weingarten, David E. Weiss, 
Ephraim Weiss, Jerald A. Weiss, Max T. Weiss, Gregor 
Wentzel, Robert J. Wickham, Thomas A. Wiggins, 
Lawrence Wilets, Harvey B. Willard, Donald K. Winslow, 
George P. Wood, Cecil Sherman Woodbrey, Lester L. 
Woodward, Wayne E. Wright, Victor H. Yngve, Charles 
F. Yost, Louis Zernow, Bruno John Zwolinski. 


Kar K. Darrow, Secretary 
American Physical Society 


Columbia University 
New York 27, New York 





Symposium on Radiofrequency and Microwave Spectroscopy 


Outline of the Topics of the Symposium. K. K. Darrow, Bell Telephone Laboratories. 
Fine Structure of the Hydrogen Atom by a Microwave Method. W. E. Lams, JR., Columbia 


University. 


Intrinsic Magnetic Moment of the Electron. PoLycarp Kuscu, Columbia University. 
Hyperfine Structure of Hydrogen and Deuterium. JoHN NaFre, Columbia University. 


Molecular-Beam Experiments with Chlorine. J. R. ZaAcHaRtAs, Massachusetts Institute of 
Technology. 

A High Precision Determination of the Ratio of the Nuclear Magnetic Moments of Proton 
and Neutron. Hans Straus, Stanford University. 

The Structure of Nuclear Resonance Absorption Lines in Crystals. R. V. Pounp, Harvard 
University. , ; 

Nuclear Magnetic Resonance Experiments at the Massachusetts Institute of Technology. 
FRANCIS BITTER, Massachusetts Institute of Technology. 

Nuclear Magnetic Moments of Hydrogen 3 and Helium 3. H. L. ANDERSON, Argonne 
National Laboratory. 

Microwave Resonance Absorption in Paramagnetic Salts. P. R. Wess, Rutgers University. 

Microwave Resonance Absorption in Ferromagnetic Materials. CHARLES KITTEL, Bell 
Telephone Laboratories. 

Precision Measurement of Molecular Rotation Frequencies. D. K. Cores, Westinghouse 
Electric Corporation. 

Rotational Spectra of Linear Molecules. M. W. P. STRANDBERG, Massachusetts Institute of 
Technology. : 

Nuclear Properties Determined from Microwave Spectroscopy. C. H. Townes, Columbia 
University, 

Use of Microwave Spectroscopy for Studies of Molecular Structure. E. BriGHt WILSON, 
Harvard University. 


Invited Papers on Basic Physical Measurements at the 
National Bureau of Standards 


Intercomparisons of the Standard Meter. L. V. Jupson, National Bureau of Standards. 

Spectrum Lines of Hg 108 as Standards of Length. W. F. MreGcers, National Bureau of 
Standards. 

The Absolute Electrical Units. F. B. SimsBee, National Bureau of Standards. 

Proposed Revision of the International Temperature Scale. H. F. Stimson, National 
Bureau of Standards. 

Radioactivity and Neutron Standards. L. F, Curtiss, National Bureau of Standards. 

Microwave Frequency Standards. H. Lyons, National Bureau of Standards. 
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Invited Papers on Computing Machines 


Computing Machines. Howarp AIKEN, Harvard University. 
Status of Large-Scale Computing Devices in the United States. R. L. SnypER, University 


The IBM Selective Sequence Electronic Calculator. W. J. ECKERT, International Business 


Machines. 


Invited Papers of the Division of Electron Physics 


Pulsed Emission Correlated with Low Temperature Direct Current Emission Properties of 
Certain Oxide-Coated Cathodes. R. L. McCormack, J. CARDELL, Raytheon, AND W. B. 
NOTTINGHAM, Massachusetts Institute of Technology. 

Conductivity Induced in Thin Insulating Films by Electron Bombardment. L. PENSsAk, 


RCA Laboratories. 


Other. Invited Papers 


Theory of Meson Production. W. HEITLER, Dublin Institute for Advanced Studies. 
Magnetization of Ancient Glacial Varves. E. A. JOHNSON, Department of Terrestrial Mag- 


netism. 


Al. A Survey of Recent Work at the Radiation Laboratory in Berkeley. E. M. MCMILLAN, 


University of California, Berkeley. 


Why My Stork Chose 1868. R. A. MILLIKAN, California Institute of Technology. 
A2. Experiments on High Energy Neutron-Proton Scattering. Emitio SEGRE, University 


of California, Berkeley. 


Invited Papers 
Al. A Survey of Recent Work at the Radiation Labora- 


tory in Berkeley. E. M. MCMILLAN, University of Cali- . 


fornia, Berkeley. 

A2. Experiments on High-Energy Neutron-Proton Scat- 
tering. EmiLio SEGRE, University of California, ‘Berkeley. 

Bl. Magnetization of Ancient Glacial Varves. E. A. 
JouNsoN, Department of Terrestrial Magnetism. 

EAl. Why My Stork Chose 1868. R. A. MILLIKAN, 
California Institute of Technology. 

$12. Theory of Meson Production. W. HEITLER, Dublin 
Institute for Advanced Studtes. 


Basic Physical Measurements at the 
National Bureau of Standards 


Rl. Intercomparisons of the Standard Meter. L. V. 
JuDsSON. 

R2. Spectrum Lines of Hg 198 as Standards of Length. 
W. F. MEGGERs. 

R3. The Absolute Electrical Units. F. B. SILsBEE. 

R4. Proposed Revision of the International Tempera- 
ture Scale. H. F. Stimson. 

RS. Radioactivity and Neutron Standards. |. F. 
CuRTIss. 

R6. Microwave Frequency Standards. H. Lyons. 


Division of Electron Physics 


U1. Pulsed Emission Correlated with Low Temperature 
Direct-Current Emission Properties of Certain Oxide- 


Coated Cathodes. R. L. McCorMAcK AND J. CARDELL, 
Raytheon, and W. B. NottinGHaM, Massachusetts Institute 
of Technology. 

U2. Conductivity Induced in Thin Insulating Films by 
Electron Bombardment. L. PENSAK, RCA Laboratories. 


Computing Machines 


W1. Computing Machines. Howarp AIKEN, Harvard 
University. 

W2. Status of Large Scale Computing Devices in the 
United States. R. L. SNYDER, University of Pennsylvania. 

W3. The IBM Selective Sequence Electronic Calculator. 
W. J. Eckert, International Business Machines. 


Symposium on Radiofrequency and 
Microwave Spectroscopy 


M1. Outline of the Topics of the Symposium. K. K. 
Darrow, Bell Telephone Laboratories. 

M2. Fine Structure of the Hydrogen Atom by a Micro- 
wave Method. W. E. Lams, Columbia University. 

M3. Intrinsic Magnetic Moment of the Electron. P. 
Kuscu, Columbia University. 

M4. Hyperfine Structure of Hydrogen and Deuterium. 
Joun Nare, Columbia University. 

Nl. Molecular Beam Experiments with Chlorine. J. R. 
ZACHARIAS, Massachusetts Institute of Technology. 

N2. A High-Precision Determination of the Ratio of 
the Nuclear Magnetic Moments of. Proton and Neutron. 
Hans Straus, Stanford University. ‘ 








N3. The Structure of Nuclear Resonance Absorption 
Lines in Crystals. R. V. Pounp, Harvard University. 

N4. Nuclear Magnetic Resonance Experiments at the 
Massachusetts Institute of Technology. FRANciIs BITTER, 
Massachusetts Institute of Technology. 

N5. Nuclear Magnetic Moments of Hydrogen 3 and 
Helium 3. H. L. ANDERSON, Argonne National Laboratory. 

V1. Microwave Resonance Absorption in Paramagnetic 
Salts. P. R. WEIss, Rutgers University. 

V2. Microwave Resonance Absorption in Ferromagnetic 
Materials. CHARLES KITTEL, Bell Telephone Laboraiories. 

V3. Precision Measurement of Molecular Rotation 
Frequencies. D. K. CoLes, Westinghouse Electric Corpora- 
tion. 

V4. Rotational Spectra of Linear Molecules. M. W. P. 
STRANDBERG, Massachusetts Institute of Technology. 

V5. Nuclear Properties Determined from Microwave 
Spectroscopy. C. H. Townes, Columbia University. 

V6. Use of Microwave Spectroscopy for Studies of 
Molecular Structure. E. Bright WiLson, Harvard Uni- 
versity. 


Contributed Papers on Nuclear Scattering 


A3. Proton-Proton Scattering: 2.4 to 3.5 Mev. J. M. 
BLAIR, WILLIAM SLEATOR, JR., GEORGE FREIER, E. E. 
LamMPI, AND J. H. Witiiams, University of Minnesota.*— 
The experiments on the differential cross section for proton- 
proton scattering reported at a previous meeting! have 
been completed, extending the measurements to higher 
energies. The dimensions of the apparatus, the current 
collection system, etc. have been recalibrated, and con- 
sidering the probable errors in these measurements and 
the internal consistancy of the scattering data, it is believed 
that the probable errors in the absolute cross sections are 
1.6 percent. At the lowest energy where these measure- 
ments overlap those of Herb? our values deviate from theirs, 
in the region from 20° to 45°, by } percent. Proton-proton 
cross section per unit solid angle (in barns) angles given 
in laboratory system, energies in Mev: 
10° 12.5° 15° 17.5° 20° 25° 30° 35° 40° 45° 
3.09 1.35 .804 .631 .564 .528 .528 .503 475 .443 
2.01 .969 .631 .539 .494 483 .469 .450 .425 .402 


1.79 .869 .605 .513 .479 .473 .450 .441 .410 .380 
1.55 .778 .548 .474 .463 .442 .428 .418 .397 .366 


* The research described in this abstract was supported in part by 
the Office of Naval Research. 
ot we Blair, Lampi, and Williams, Bull. Am. Phys. Soc. Jan. 
. Pp. e 
2 Herb, Kerst, Parkinson, and Plain, Phys. Rev. 55, 998 (1939). 


energy 8° 


A4. Analysis of Proton-Proton Scattering.—Cuar es L. 
CRITCHFIELD, University of Minnesoat.—The experimental 
results of Blair, Sleator and Williams on the scattering of 
protons in hydrogen have been analyzed. Provisional 
values of the S-wave “phase-shifts’’ Ko, due to nuclear 
forces, as determined from the scattering observed in the 
range oj laboratory angles, 20 to 45 degrees, are shown in 
Table I. Small deviations from the formula for the differ- 








TABLE I. 
Energy 2.432 3.047 3.259 3.501 Mev 
Ke 48.6 $1.0 51.8 52.4 degrees 
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ential cross section that includes only the S-wave anomaly 
occur at small angles of scattering and will be discussed 
with reference to uncertainties in corrections, relativistic 
effects and possible P-wave effects. 


AS. On the Neutron-Proton Force.—Joun M. Bratt, 
M.I.T.—Neutron-proton scattering experiments' below 
10 Mev were analyzed using Schwinger’s theory? which 
describes the force phenomenologically by the scattering 
length a* which it causes, and by its effective range r 
(depending both upon the wellrange and welldepth). a; 
and 7; (triplet state) are related through the deuteron 
binding energy; a, and rf, are independent. Scattering 
data give two relations between r, and r,. Unfortunately 
these two relations overlap completely, so one can’t 
find either 7; or r,. The coherent scattering amplitude 
f=2(0.75a:+0.25a,) and the epithermal cross section 
determine r; uniquely. f is measured by neutron scattering 
from parahydrogen* and hydrogen-containing crystals.® 
The crystal measurement contradicts the parahydrogen 
measurement and the scattering data. The parahydrogen 
measurement and the scattering data contradict the 
hypothesis of the charge independence of nuclear forces in 
a given spin-state. A redetermination of f is strongly 
recommended. 


1C, L. Bailey et al., Phys. Rev. 70, 583 (1946). D. Frisch, Phvs. Rev’ 
70, 589 (1946). 

2 J. Schwinger, unpublished. 

3 E. Fermi and L. Marshall, Phys. Rev. 71, 66 (1947). 

4R. B. Sutton e¢ al., Phys. Rev. 72, 1147 (1947). 

5G. C. Shull et al., Phys. Rev. 73, 262 (1948). 


A6. Elastic Scattering of Protons by Aluminum in the 
Neighborhood of the 985 Kev Resonance. R. S. BENDER,* 
F. C. SHOEMAKER, S. G. KAUFMANN, AND G. M. B. 
Bouricius, University of Wisconsin.—According to the 
Breit-Wigner theory of nuclear resonances, there should be 
an anomalous variation of the cross section for elastic 
scattering of protons in the neighborhood of a resonance 
level. To observe this effect, the energy spread of the 
proton beam and the absorption thickness of the target 
should approximate the resonance width, less than 300 
volts for the 985 kev aluminum level. The Wisconsin 
pressure generator and electrostatic analyzer! were used to 
obtain protons of the desired mean energy and energy 
spread. The targets were made by evaporating aluminum 
onto a pure carbon block. Since carbon nucleii are lighter 
than those of aluminum, protons elastically scattered by 
the aluminum have higher energy. A magnetic analyzer 
thus allowed only those protons scattered by aluminum to 
enter the proportional counter. The scattering angle was 
165°. Runs were taken, counting both protons and gamma 
radiation, with different target thicknesses and beam 
spreads. The general form of the anomaly agrees with the 
theory, but the analysis of the data is as yet incomplete. 


* Now at the University of Pittsburgh. . 
1 es E. Warren, J. L. Powell, and R. G. Herb, Rev. Sci. Inst. 18, 559 
(1947). 


A7. A New Method of Studying Nuclear Energy Levels.* 
H. W. FULBRIGHT AND R. R. Busu, Princeton University.— 
A technique has been developed for performing scattering 
experiments inside the dee chamber of the Princeton 
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35-inch single-dee synchro-cyclotron. A small scattering 
camera which rests on the floor of the chamber supports 
the scattering foil. The foil is a narrow vertical strip which 
intercepts the undeflected beam. Those particles scattered 
slightly downward follow helical paths of small pitch; some 
of them pass through a vertical slit and strike a horizontal 
photographic plate. The energy of the particle which 
produces a given track in the plate can be deduced from 
the position of the track, the strength of the magnetic 
field, and the geometry of the camera. Actually, distinct 
lines easily seen by the unaided eye are obtained from 
elastically and inelastically scattered protons with exposure 
times of about thirty minutes. The sharpness of the lines 
shows that the energy spread of the cyclotron beam at‘any 
of the radii used is probably less than 0.1 Mev. A wide 
range of incident energies and scattering angles has been 
covered by placing the camera in different positions. 
Results obtained will be described in the following paper. 
* This work was supported in part by Navy contract. 


A8. Nuclear Energy Levels from Inelastic Scattering 
of Protons.* R. R. Buso AND H. W. FuLsriGut, Princeton 
University. By means of the method just described, 
protons of 6.7, 10.5, and 17.0 Mev have been scattered 
from magnesium, aluminum, and iron. Natural magnesium 
which is 77.4 percent Mg™ showed levels at 1.2, 1.7, 2.7, 
4.6, 6.0, 8.1, and 9.2 Mev above the ground state. These 
energy values are believed to be accurate within +0.3 Mev, 
except those at 2.7 and 9.2 Mev which are within +0.5 
Mev. The 2.7 Mev line is weak; the others are approxi- 
mately as intense as the elastic line for large scattering 
angles. The 4.6 and 6.0 Mev lines show a marked variation 
of intensity with scattering angle. Possible alternate reac- 
tions involving the emission of deuterons and alpha- 
particles were considered and ruled out. The fact that 
Mg* and Mg*é are low in abundance suggests that all the 
levels listed, except possibly that at 2.7 Mev, are levels of 
Mg”. Results obtained from aluminum and iron will also 
be discussed. 


* This work was supported in part by Navy contract. 


A9. Neutron Helium Resonance Scattering. L. E1sEn- 
BUD, Brookhaven National Laboratory.—An analysis of the 
data of Hall and Koontz* on the angular distribution of 
neutrons scattered by He for neutron energies between 
0.8 and 1.6 Mev has been undertaken to determine the 
character of the levels of He®. The analysis was made in 
terms of a generalized one level formula.** If it is assumed 
that the scattering is largely due to the presence of a P1/2 
and a P3;2 level, the data requires that the P3/2 level be 
at about 1.2 Mev, and the Pi/2 at about 1.6. This order 
of the levels is difficult to understand on theoretical 
grounds. Moreover the constants required for the fit to 
the data lead to the conclusion that the distribution of P1/2 
levels is quite different from that of P3,2 levels and this 
throws doubt on the validity of the description obtained. 
The general behavior of the angular distribution functions 
may also be explained on the assumption of a low lying 
Pi;2 level (<0.5 Mev), a P32 level at 1.2 Mev and an Si/2 
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level at about 1.6 Mev. This order of levels seems more 
satisfactory on the basis of internal consistency but leads 
to difficulty in connection with the proton, helium scat- 
tering. Research carried out at the Brookhaven National 
Laboratory under the auspices of the Atomic Energy 
Commission. 


* T. A. Hall and P. G. Koontz, Phys. Rev. 72, 196 (1947). 
** E, P, Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947). 


Ferromagnetism and Photoconductivity 


B2. Effect of Surface Treatment on Complex Perme- 
ability. G. T. Rapo, M. MALoor, AND H. ROSENBLATT, 
Naval Research Laboratory.—Using the method previously 
described! the complex permeability (u=:—7u2) of iron 
and nickel as a function of a polarizing magnetic field (Ho) 
was measured at 200 mc/sec. and at 975 mc/sec. In 
agreement with our previous observations®* the high 
frequency permeability is nearly constant for polarizing 
fields below the knee of the magnetization curve. For 
sufficiently large Ho, moreover, ui agrees with the static 
incremental permeability (ustat) measured on the same 
sample which was used for the high frequency tests. Iron 
and nickel differ both in the character of the dispersion 
and in the effect of surface treatments on uw. For untreated 
nickel, unlike untreated iron, the value of Hy necessary to 
reduce mw: to unity is much larger than that required for 
static saturation. If, however, the surface is polished and 
the sample subsequently reannealed, the above mentioned 
agreement between yu: and ustat is obtained. The results 
will be discussed in terms of the mechanisms of magnetiza- 
tion underlying the various theories of ferromagnetic 
dispersion. 

1M. H. Johnson, G. T. Rado, M. Maloof, Phys. Rev. 71, 472(A) 


(1947). e 
2G. T. Rado, M. H. Johnson, M. Maloof, Phys. Rev. 71, 472 (A): 


(1947). 
3M. H. Johnson, G. T. Rado, M. Maloof, Phys. Rev. 71, 322 (1947). 


B3. Barkhausen Noise in Ferromagnetic Electrical 
Circuit Elements. R. T. BEYER AND J. A. KRUMHANSL, 
Brown University—The voltages induced by Barkhausen 
effects in the ferromagnetic core materials of electrical 
circuit elements are treated as random processes. It is 
assumed that statistical behaviors throughout the core 
are identical, furthermore, that all domains have the same 
magnetic moment and are oriented either parallel or anti- 
parallel to the core axis. Average values and mean square 
fluctuations of induced voltages, together with a deéscrip- 
tion of‘ the noise spectrum are obtained. Application is 
made to the calculation of the limiting sensitivity of 
magnetic amplifiers.! In this connection some theory of 
operation of magnetic amplifiers is presented. For the case 
considered, it is assumed that the signal windings of the 
magnetic amplifier transformers are not loaded appreciably, 
so that the resulting calculation refers to open circuit noise. 


1H. S. Sack, R. T. Beyer, G. H. Miller, and J. W. Trischka, Proc. 
I.R.E. 35, 1375 (1947). 


B4. Theory of the Ferromagnetism of Simple Tetrag- 
onal Arrays. CHARLES KITTEL, Bell Telephone Laboratories. 
—The theory of the ferromagnetic properties of three- 

















dimensional tetragonal lattices is of particular interest 
because the two limiting cases are believed to be essentially 
non-ferromagnetic. Let Ja, J. denote the exchange inte- 
grals between nearest neighbors along the a and ¢ axes, 
respectively; when Ja/J->1 the lattice may be considered 
as a series of independent plane lattices, while Je/J-«1 
represents independent linear chains. A quantum-mechan- 
ical spin-wave treatment shows that the Bloch expression 
for the magnetization of a simple cubic lattice J,/J>=1 
—0.117(kT/J)! becomes 1—[0.117(2T)!/J4J,] in the 
tetragonal case, so that qualitatively it appears that the 
Curie temperature may perhaps be proportional to Ja!J,.+ 
or, in the rhombic case, JatJ,!J.4. For a simple hexagonal 
lattice I,/Jo=1—[0.068(k7)!/J.4J.]; similar structures 
occur in several ferromagnetic manganese compounds and 
in several magnetically-concentrated salts of the iron 
group which show some ferromagnetic features at low 
temperatures.! The above expressions suppose that the J’s 
are positive; anisotropy effects are considered separately. 
1B. H. Schultz, Thesis, Leyden, 1940. 


B5. Double Transmission and Depolarization of Neu- 
tons. M. BurGy, D. J. HUGHES, AND J. WALLACE, Argonne 
National Laboratory.—As described in earlier reports the 
production of polarized neutrons was measured by means 
of the “single transmission effect’’ which is the relative 
increase in transmission of an iron block when magnetized. 
The single transmission effect is simply related to the 
amount of polarization in the transmitted beam. Recently 
a series of measurements have been made concerning 
“double transmission effects’ and depolarization of neutron 
beams. The measurements are made by passing a neutron 
beam through two blocks of iron, the first block acting as 
the polarizer, the second as the analyzer. The change in 
intensity of the transmitted beam with reversal of magnet- 
ization in the analyzer is called the double transmission 
effect. The large effects predicted by theory have been 
obtained but only when the fields between the magnets 
are carefully adjusted so that the neutron spin alignment 
is maintained. Depolarization of neutron beams by 
unmagnetized iron has been measured by placing thin 
sheets (of the order of 10-* cm in thickness) of various 
iron samples between the magnets. The depolarization 
results give the domain sizes directly and domains ranging 
from 10-* cm to 7X10-5 cm (the latter in severely cold 
worked material) have been observed. 


B6. Neutron Polarization. J. STEINBERGER AND G. C. 
Wick.—In view of the discrepancy existing between 
experimental results! and theoretical predictions? on the 
polarization cross section p of iron for neutrons, a critical 
revision has been made of various factors: (a) the coherent 
nuclear cross section of Fe is about 50 percent larger than 
previously assumed, (b) the form factor for the d shell 
may also be larger, especially for Bragg reflections of 
higher order, (c) while the decrease in the Bragg scattering 
due to thermal agitation (Debye-Waller factor) has been 
taken into account, the inelastic diffuse scattering that 
accompanies it has been neglected so far, although it 
gives a non-negligible polarization effect.* Finally: (d) the 
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assumption that the microcrystals are oriented at random 
is unjustified in cold rolled materials. When all these 
corrections are taken into account, the conclusion is 
reached that there is no serious evidence of any disagree- 
ment between theory and experiment. 


1D. J. Hughes, Bul. Am. Phys. Soc. 22, 18 (1947). 

20. Halpern, M. Hamermesh, and M. H. Johnson Phys. Rev. 59, 981 
(1941); M. Hamermesh, Phys. Rev. 61, 17 (1942). 

30. Halpern, Phys. Rev. 72, 260 (1947). 


B7. The Spectral Emissivity of Iron and Cobalt. H. B. 
WAHLIN AND Harry Knop, University of Wisconsin.— 
The variation of the spectral emissivity for \6690A has 
been determined as a function of the temperature. Sharp 
changes have been found in iron at the A; and A, points, 
and a less sharp change between these two points. In 
cobalt a change has been found at the Curie point. An 
iron-cobalt alloy also shows changes. 


B8. The Photoconductivity of Silver Chloride and Thal- 
lium Bromide in the Visible and Near Infra-Red.* WALLACE 
.C. CALDWELL** AND LLoyp P. Situ, Cornell University. 
—The photoconductivity of silver chloride and thallium 
bromide crystals increases as the light wave-length de- 
creases from 1.0 to 0.35 micron. Below saturation voltage 
the photoconductivity of either crystal can be enhanced 
by exposure to ultraviolet light. Photoconductivity meas- 
urements on silver chloride after annealing the crystal in 
air shows some structure at 0.39 micron. After annealing 
the crystal in a chlorine atmosphere this structure nearly 
disappears. Enhancement of photoconductivity by ultra- 
violet is less for the chlorinated sample. When silver 
specks are formed in silver chloride, a broad photocon- 
ductivity band develops the onset of which is at 0.95 
micron. Thallium bromide annealed in air has a sharp 
photoconductivity peak at 0.44 micron. Possible mecha- 
nisms for the above effects will be discussed. 

* Work partially supported under a contract with the Office of Nava 
Research. 


** National Research Council Predoctoral Fellow. Now at Iowa 
State College. 


B9. Effects of Chlorine and Sulphur on Photoconduc- 
tivity in Silver Chloride.* FLoyp R. Banks, JR., Poly- 
technic Research and Development Company.—Silver chlo- 
ride crystals have been tempered for various times in 
atmospheres of chlorine and sulphur, and annealed at the 
rate of 18°C per hour. The effect of chlorine is to suppress 
greatly the photoconductivity in silver chloride. Thus, 
samples heated at 430°C for 50 hours in chlorine (760 mm 
pressure at room temperature) have a_ photoelectric 
response in the spectral region surveyed (0.38 to 2 microns) 
approximately one-thousandth of that for silver chloride 
tempered in air at the same temperature for 24 hours and 
annealed at the same rate. Silver chloride heated in 
evacuated containers with varying amounts of sulphur 
(from 0.05 percent to about 100 percent by weight), 
tempered at 430°C for three hours and annealed, shows a 
photoelectric response analogous to silver sulphide. Peak 
photoelectric currents of about 0.1 microamperes at 
approximately 1.2 electron volts are obtained. Silver 
chloride tempered at 430°C for various times in evacuated 
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containers and annealed has increased low temperature 
dark conductivity (compared with samples tempered in 
air) and reduced (by about 200) photoelectric response. 

* Supported by the Office of Naval Research. 


Atomic Spectra and X-Rays 


Cl. Forbidden Lines in O II. L. H. ALLER, University 
of Indiana, C. W. UFrrorp, University of Pennsylvania, 
AND J. H. VAN VLECK, Harvard University—Among the 
strongest and most frequently observed of the forbidden 
lines found in the gaseous nebulae are the \3726.16 and 
3728.91 lines of OII corresponding to the 4S3;2—?D3/2 
and 4S3;2—2D5;2 transitions in the ground * configuration. 
The widespread appearance of this radiation would suggest 
that a knowledge of the physical parameters characterizing 
its production (e.g. transition probabilities) might be 
useful in deciphering the character of the nebulous regions 
in which it appears in our own and other galaxies. If the 
electron density is so high that the collisional de-excitations 
of the upper level are much more frequent than radiative 
de-excitations, the population of the upper level follows 
Boltzmann’s formula. Then measures of the intensity of 
the lines together with a knowledge of the electron temper- 
ature and the transition probabilities would give us the 
number of ionized oxygen atoms. For comparison with 
the theoretical calculations, including spin-spin interaction 
in addition to intermediate coupling, the ratio of the 
transition probabilities was measured photometrically in 
a number of planetary nebulae. The average measured 
value of the ratio was 0.49 as compared with a theoretical 
value of 0.58. 


C2. The Zeeman Effect of Gold. J. B. GREEN, Naval 
Ordnance Laboratory, AND HowarpD N. MAXWELL, Kala- 
mazoo College—The Zeeman spectrum of gold has been 
photographed from 2400A to 6500A at a field strength of 
about 36,000 gauss. Patterns from some 28 classified lines 
for Au I were measured, about half of which were obtained 
with much better resolution than that of Symons and 
Daley. The calculated g values indicate that gold obeys 
an intermediate type of coupling rather than LS. The 
patterns for \\5837, 4437, 4315 indicate these lines belong 
to Au I rather than Au II as given by Rao. Many of the 
Au II patterns were unresolved, but \2990 has a pattern 
belonging to AJ=0. Sawyer and Platt have classified it 
as either AJ=1 or AJ=0. 5726 classified as Au I by 
Sawyer and Platt has a well resolved pattern with g = 1.803 
for J=1 and 1.352 for J=2. term. The lines \A5354, 5380, 
5427 are members of the same multiplet and result from 
transitions between J =2, 1, 0 and the level J=1 whose g 
value is 1.780. \5719 is a J=2 to J=1 transition with 
g=1.744 for J=1 term. The wave-lengths of a number of 
unclassified lines appearing on the plates have been 
measured on the assumption that the lines belong to gold. 


C3. A Self-Consistent Field for Ca XIII. W. H. Davis, 
A. O. WILLIAMS, JR., AND R. T. BEYER, Brown University. 
—Edlen has identified certain spectrum lines in the sun’s 
corona as the result of transitions in highly stripped 
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calcium ions.! A self-consistent field for one of these ions, 
Ca XIII, has been computed without exchange or relativ- 
istic corrections, with the intention of investigating these 
transitions. The calculations converge rapidly because of 
the large excess of nuclear charge. The degree of self- 
consistency attained is at least as good as that specified by 
Hartree. The state examined is (1s)?(2s)?(2p)*; an ‘“‘excited” 
state (1s)?(2s)(2p)§ has also worked out to the same 
precision. A first approximation to the transition energy 
between these two (mot the corona line in question) is 
510,000 cm=, to be compared with experimental values of 
594,000 and 618,000 cm. Since this value is only the 
difference between Hartree energy parameters, not between 
actual energy levels, it is naturally not very good. Calcu- 
lations of the s.c.f. with exchange and of energy levels are 
in progress. 
1 Edlen, B. Month. Not. Roy. Astron. Soc. 105, 323 (1945). 


C4. Aurora Spectra Showing Broad Hydrogen Lines. 
C. W. GARTLEIN, Cornell University.—The best spectra of 
the aurora taken since 1939 with the two prism spectro- 
graph having camera lens 10 cm focal length and F/1.65 
aperture show lines within 2 to 5A of the positions of Ha, 
HB, and Hy. All of the lines are approximately 5A broad. 
Using large scale microphotometer tracings the lines can 
be separated from the various bands of nitrogen, and the 
identification as hydrogen lines seems established since no 
other origin will give these lines as the spectrograms show 
them. Many spectra taken on the time sequence spectro- 
graph, aperture F/.8, show that these lines appear most 
strongly preceding and during an outburst of aurora. 
This is in support of Eckersley’s theory of ionosphere 
disturbances. Thus, there is evidence to indicate that the 
hydrogen is of solar origin and a primary cause of some 
aurora outbursts and magnetic storms. Spectrographs of 
high light power and greater dispersion should be used in 
further studies. 


* Research done as part of National Geographic Society—Cornell 
University Study of Aurora. 


CS. A Prospective Means for Studying the Solar and 
Coronal Spectra in the Vacuum Ultraviolet. J. E. Mack, 
University of Wisconsin.—The great strides made recently 
in extending the known solar spectrum into the neighbor- 
hood of 50,000 cm= with the aid of rocket-borne spectro- 
graphs naturally lead to speculations on the possible 
extension ‘of the solar and coronal spectra into the vacuum 
region. There can be little doubt that interesting structure 
exists there. The only dispersive instrument that has been 
used for vacuum spectroscopy is the reflection grating; 
the focal property of the curved mirror is especially useful 
in gathering light from weak laboratory sources. The sun, 
with its great intensity, makes quite a different problem, 
especially in view of the serious incoherent scattering of 
visible light from the surface, which limits the usefulness 
of the solar record even at longer wave-lengths. A trans- 
mission grating, even with the disadvantage of requiring 
slit collimation instead of focusing, appears to be a prom- 
ising alternative. Consideration has been given to the 
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design and construction problem for a grating 1 mm square 
traversed by between 200 and 1000 wires. 


1]. S. Shklovsky, Astronomical Journal of the Soviet Union 22, 249 
(1945). 


C6. Low Angle Scattering of Colloidal Solutions. PETER 
G. BERGMANN, Syracuse University.—In analogy to the 
diffraction patterns of liquids, the low angle pattern of 
colloidally dispersed matter must depend on both particle 
size and particle distribution. The effect of the distribution 
will be appreciable whenever particle size and distance 
between neighbors are of the same order of magnitude, 
in other words in highly concentrated solutions. If the 
colloidal particles are all alike in size and shape, then the 
intensity of the diffraction pattern at each point will be 
the product of the form function of the particles and the 
Fourier transform of the particle distribution. An experi- 
mental determination of the latter function is then possible, 
at least in principle. The case of a size and shape distribu- 
tion will also be discussed. 


C7. The Interpretation of Small Angle X-Ray Scattering 
Observed from Argon. GEORGE H. VINEYARD, University 
of Missouri.—Measurements of the x-ray scattering from 
argon! at many different pressures and temperatures have 
shown an unexpectedly large scattering at small angles 
from both liquid and vapor in the neighborhood of the 
critical point. It has been suggested that this may be due 
to pre-transition phenomena such as the formation of 
minute droplets of liquid in the vapor, when near the 
condensation point, and the reverse for liquid near its 
boiling point.! By means of a relation due to Zernike and 
Prins between the scattering at very small angles and the 
mean square density fluctuations of a substance, the 
scattering at essentially zero angle can be computed. The 
small angle scattering to be expected from droplets of one 
phase immersed in another is also computed. From these 
results and the present data on argon an estimate of the 
size and frequency of occurrence of droplets is made, and 
it is found that the droplet would have to contain so few 
atoms that its characterization as a distinct phase is 
probably meaningless. Preferable models of the apparent 
atomic arrangement are discussed. 


1A, Eisenstein and Gingrich, Phys. Rev. 62, 261 (1942). 


C8. Determination of h/e by X-Rays. GuENTER 
SCHWARZ AND J. A. BEARDEN, Johns Hopkins University. 
—New measurements have been made on the high fre- 
quency limit of the continuous x-ray spectrum near 8000 
and 10,000 volts. In most of the work sealed-off x-ray tubes 
with Cu and W targets were used. Our present measure- 
ments are characterized by a highly stabilized source of 
high voltage and a double crystal spectrometer with 
crystals of theoretical resolving power. The resulting 
isochromats rise sharply and considerably more detail is 
present in the structure near the high frequency limit than 
was noted in our earlier measurements.! In one series of 
experiments a W target was maintained at a temperature 
above 1300°C in order to eliminate possible effects due to 


a 


1209 


surface contaminations. If we apply the work function 
correction the values of h/e determined from all of our 
experiments lie within the range from 1.3783 to 1.3787 
X 10-"” erg sec./e.s.u. If the second derivative method had 
been used in determining the limit in our earlier measure- 
ments! the average value of h/e would have been 1.3786 
X10-"’, is excellent agreement with our present determi- 
nation. 
1J. A. Bearden and G. Schwarz, Phys. Rev. 59, 934(A) (1941). 


C9. Bioelectric Potentials as an Index of X-ray Action. 
A. A. BLEss, University of Florida.—Romanoff and Bless"? 
have investigated the variation of the biolectric potential 
of the avian blastoderm and also the variation of the size 
of the blastoderm as a function of x-ray dosage, and have 
found that these variations follow the same pattern. A 
number of investigators have found a direct correlation 
between the magnitude of the potential and the vital 
activity of the organism. Recent results obtained in this 
laboratory show that the functional relations between the 
effects of x-rays on the vital activity of corn seeds and the 
effects of the same rays on the bioelectric potential are 
similar. It seems very reasonable to conclude that the 
biological effects of x-rays at least, if not of all types of 
radiation, may be traced through the variations of the 
electrical potentials of the material. This provides in 
many cases very rapid and reliable means of measuring 
the biological action of the rays without introducing new 
variables which is the case when the growth of organisms 
is used as a measure of biological effects. 

1A. L. Romanoff and A. A. Bless, Proc. Nat. Acad. Sci., 8, 306 
yy" Bless and A. L. Romanoff, J. Cell. and Comp. Physiol., 21, 
117 (1943). 

Precision Spectroscopy of Nuclear Gamma-Rays with a 
Focussing Curved Quartz Crystal. J. W. M. DuMonp, 
Davip LIND, AND B. B. Watson, California Institute of 
Technology. 


Gases at Microwave Frequencies; 
Magnetic Resonance 


D1. Electrical Breakdown between Coaxial Cylinders 
at Microwave Frequencies.* MerLvin A. HERLIN AND 
SANBORN C, Brown, Massachusetts Institute of Technology. 
—The proposed criterion for breakdown of, a low pressure 
gas at microwave frequencies is that the ionization rate 
equal the diffusion rate for electrons.t This principle has 
been applied to compute the breakdown of air in coaxial 
cylinders using ionization rate data obtained from break- 
down experiments between parallel plates. Agreement be- 
tween computed and measured curves supports the validity 
of the above criterion for breakdown. The method of com- 
putation is illustrative of the general problem of computing 
breakdown voltages for tubes of arbitrary shape and field 
configuration using ionization rates obtained from parallel 
plate, uniform field breakdown. 

* This work has been opqres in part by the Signal Corps, the 
Air Materiel Command, and O.N.R. 


Tt Melvin A. Herlin and Sanborn C. Brown, Bull. Am. Phys. Soc. 23, 
13 (1948). 
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D2. A Method of Measuring the Complex Conductivity 
of an Ionized Gas at Microwave Frequencies.* EDGAR 
EVERHART AND SANBORN C. Brown, Massachusetts Insti- 
tute of Technology—The complex conductivity of an 
ionized gas, oc, is defined as the ratio of the electron current 
density to the electric field. It does not include the dis- 
placement conductivity, jweo. In order to measure oc, a 
high frequency discharge is created between parallel 
plates. By microwave impedance methods one can measure 
the admittance of the discharge. The admittance is expres- 
sible in terms of an integral over o-. According to existing 
theories o, is proportional to the electron concentration, 
which is itself a sinusoidal function of position between 
the parallel plates. It is possible to compute the admittance 
of a discharge as a function of electron concentration. 
These computed curves have the same qualitative form 
as those obtained experimentally. A characteristic of both 
theory and experiment is that the susceptance of the dis- 
charge goes through zero and changes sign at sufficiently 
high values of electron concentration. 


* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and O.N.R. 


D3. Measurements of the Complex Dielectric Con- 
stant of Gases at Microwaves. HAaRoLp Lyons, GEORGE 
BIRNBAUM, AND S. J. KRYDER, National Bureau of Stand- 
ards.—A method for the measurement of the complex 
dielectric constant of gases and vapors has been developed 
in the microwave range. A frequency-modulated signal is 
simultaneously applied to two resonant cavities and their 
response curves presented on a cathode-ray tube. The 
cavities are adjusted to have the same resonance frequency, 
with one cavity evacuated. Gas is then admitted to the 
evacuated cavity causing its resonance frequency to shift. 
The difference in resonance frequency is measured by 
aligning two frequency markers, which appear as intensi- 
fied spots on the CRT, on top of each resonance curve. 
The loss angle is measured by determining the cavity 
Q-shift by aligning the frequency markers at the half- 
power points of the resonance curve. Results obtained for 
(e—1)X10* at approximately 9000 Mc/sec. at NTP are: 
helium —0.710+0.009, CO2—9.88+0.02, N2—5.87+0.02, 
O2—5.32+0.02, Air—5.77+0.01. Values for water vapor, 
and its dipole moment, were checked. The dielectric con- 
stant and loss angle of ammonia was found. The suscepti- 
bility of ammonia was not linear with pressure as would be 
expected from collision broadening of the ammonia absorp- 
tion line. The resonant cavity method, when the proper 
mode is used, is insensitive to adsorption of vapors on the 
walls of the cavity. 


D4. A Comparison of the g Value of the Electron in 
Hydrogen and Deuterium. Epwarp B. NELSON AND JOHN 
E. NaAFE, Columbia University—The ratio of the h.f.s. 
separation of the ground state of H to that of D is less than 
the theoretical value by 0.017 percent. The ratio, (gy)H/ 
(gz)p, of the atomic g-factor of the 2S; state in H to that 
of D, has been measured in the search for an effect which 
might explain the discrepancy. The frequencies fp, of the 
transition (1, 091, —1) in H. and fp, of the transition 
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(3/2, —1/2¢33/2, —3/2) in D, were observed in the same 
magnetic field by the atomic-beam magnetic resonance 
method and the ratio (g7)n/(gy7)p was computed from the 
Breit-Rabi! formula. The principal uncertainty is caused 
by the drift of the magnetic field. The average of thirty-six 
observations in four runs in which fg and fp were measured 
alternately is (g7)n/(gz)p = 1.000004+0.000025. The aver- 
age of three runs in which the two resonances were observed 
simultaneously is (g7)H/(gz)p =0.999991+0.000010. The 
uncertainty indicated in each result is the mean deviation 
of the residuals. We conclude that the atomic g-factors of 
H and D differ by less than +0.001 percent. 
1G, Breit and I. I. Rabi, Phys. Rev. 38, 2082 (1931). 


D5. A Precision Magnetic Field Stabilizer.* H. S. 
SOMMERS, JR., P. R. WEIss, AND W. HALPERN, Rutgers 
University.—The work at Rutgers University on measure- 
ments of nuclear magnetic moments by resonance absorp- 
tion requires precision control of the field of a large electro- 
magnet. A pilot model electronic current stabilizer for a 
3-kw magnet has been built and tested. This unit monitors 
the current by the drop in a standard resistor in series with 
the magnet. The difference between this voltage and a pre- 
set potentiometer voltage is converted to a.c. in a Brown 
synchronous vibrator. The amplified difference signal is 
converted back to d.c. in a detector which maintains the 
sign of the original d.c. signal, and is used to drive the 
power amplifier which excites the magnet. The power 
amplifier is a low noise, broad-band unit with $-kw output, 
made from a commercial mg set by addition of electronic 
feedback.** This unit keeps the current fluctuations to a 
ratio of less than 5X10-* peak to peak d.c. for all 
frequencies higher than 1/min. No measurements were 
made on the longer period drift. The loop requires }-sec. 
to correct a step change of 0.02 percent and 2 sec. to correct 
a step of 1 percent. 


* This work supported by O.N.R. and the Rutgers University Re- 


search Council. 
** H. S. Sommers, Jr., and P. R. Weiss, W. Halpern, Bul. Am. Phys. 


Soc. 23, No. 2, Abstract E-1 (1948). 
D6. Paramagnetic Resonance Absorption in Single 
Crystals of Chrome Alum and in Aqueous Solutions of 
Manganous Salts.* Davip HALLIDAY AND JOHN WHEAT- 
LEY, University of Pittsburgh—Paramagnetic resonance 
measurements at 9375 mc/sec. on single crystals of 
CrNH,(SO,)e-12H:0 have recently been reported by 
Weiss, Whitmer, Jen-Sen Hsiang, and Torrey! and in- 
terpreted by them to yield a splitting of the lowest level of 
Cr*+++, due to crystalline Stark effects, of 0.15+-0.01 cm™. 
We have made measurements on both this salt and 
CrK(SO,)2-12H:O for two crystalline orientations at 
room temperature. Resonance absorption for the latter 
salt has been studied at 90°K also. For the crystal orienta- 
tion used by Weiss, etc. two independent values of the 
splitting may be determined for each salt; for the second 
crystal orientation a third splitting value may be deter- 
mined, using a theory due to Kittel. The mean splittings 
are approximately: 
CrNH,(SO,)2- 12H.0 
CrK (SO,)2 . 12H,O 
CrK (SO,)2:12H,O 


25°C 
25°C 
90°K 


0.13 cm7! 
0.12 cm 
0.17 cm=} 











Paramagnetic resonance absorption has also been observed 
for aqueous solutions of manganous salts contained in a 
thin-walled capillary placed along the axis of a TEoo 
mode cavity? resonating at 9375 mc/sec. 


* Acceind by ONR 

1p, R. Weiss, C. A. Whitmer, H. C. Torrey, and Jen-Sen Hsiang, 
Phys. Rev. = 975 (1947). 

2C, H. Collie, J. B. Hasted, and D. M. Ritson, Proc. Phys. Soc. 60, 


71 (1948). 


D7. Paramagnetic Resonance Absorption Line Shapes 
for Single Crystals of CuSO,-5H,0.* JoHN WHEATLEY 
AND Davip HALLipay, University of Pittsburgh AND J. H. 
VaNn VLECK, Harvard University.—Paramagnetic resonance 
absorption in single crystals of CuSO,-5H,0 at frequencies 
near 9375 mc/sec. has been studied as a function of the 
steady external magnetic field and of the orientation of the 
crystal. As rotation axes (a) the magnetic axes of the 
crystal and (b) one of the two perpendicular microscopic 
tetragonal axes have been used. The high frequency field 
and the rotation axis were both perpendicular to the steady 
field. The variation with orientation of the effective g factor, 
reported by Arnold and Kip! and interpreted by one of us? 
in terms of exchange coupling between Cut* ions, has been 
confirmed. A variation of absorption line breadth with 
orientation has been found, the narrowest and broadest 
lines having widths at half-amplitude of 75 and 220 
oersteds. An approximate theory for this effect, based on 
the assumption that the exchange energy is a function 
only of the total spin, will be presented. Finally, a study 
of the shapes of absorption curves has been made which 
offers general confirmation of the theory of exchange 
narrowing recently presented by Gorter and Van Vleck.* 


* Assisted by ONR 

1 Arnold and Kip, Bull. Am. Phys. Soc. 23, No. 2, F5 (1948). 

2 J. H. Van Vleck, Bull. Amer. Phys. Soc. 23, No. 2, G8 (1948). 
*C. J. Gorter and J. H. Van Vleck, Phys. Rev. 72, 1129 (1947). 


D8. Microwave Resonance Absorption in Potassium 
Chrome Alum.* R. T. WEIDNER, P. R. WEIss, AND C. A. 
WHITMER, Rutgers University—The paramagnetic reso- 
nance absorption in single crystals of potassium chrome 
alum has been measured at a frequency of 9375 mc/sec. 
The measurements were made with three different orienta- 
tions of the crystalline axes with respect to the d.c. mag- 
netic field. These orientations were: the d.c. field perpen- 
dicular to (a) the 111-face, (6) the 100-face, (c) the 110-face. 
Crystals of this salt diluted with aluminum potassium 
alum were also measured in these same orientations. The 
absorption patterns show that dilution decreases the Stark 
splitting of the ground state of the chrome ion. In addition, 
there is a marked decrease in the absorption peaks of the 
diluted salt compared to those of the undiluted salt. 


* This work has been supported by the Rutgers Research Council, 
the Research Corporation, and the U. S. Navy. 


D9. Microwave Resonance Absorption in Ferromagnetic 
Semiconductors. Witt1am H. Hewit, Jr., Bell Tele- 
phone Laboratories.—The high resistivity of ferrites sug- 
gests that measurements of ferromagnetic resonance ab- 
sorption may be of particular interest. The absorption 
effect is expected to be large in comparison with that in 
conducting ferromagnetic materials, because the greater 
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skin depth permits a relatively larger volume of the speci- 
men to absorb. Measurements were made at 23958 mega- 
cycles with a thin plane specimen of zinc-manganese ferrite 
(ZnO) (MnO)-2Fe20; fitted across the wave guide. It has 
a resistivity of 2350 ohm-cm, initial permeability of 1700 
at 1000 cycles, and saturation magnetization M, of 200. 
The input impedance looking into the specimen was de- 
termined as a function of the applied magnetic field when 
the sample was backed first by a short and then by a quar- 
ter wave-length section. With this data, the real and im- 
aginary parts of both the permeability and the dielectric 
constant were separated. Using! wo=y(BH)* where 
y=ge/2mc and H(corrected for demagnetization) is the 
field strength when jus is maximum we find a g value of 
2.12. With a small sphere of a similar ferrite with a higher 
resistivity (4.210 ohm-cm) a g value of 2.16 is obtained 
using wo= 7H. 

1C. Kittel, Phys. Rev. 73, 155 (1948). 


D10. The Electric Quadrupole Moments of the Chlo- 
rine Nuclei.* LuTHerR Davis, JR. AND CARROLL W. 
ZABEL, Massachusetts Institute of Technology.—The hyper- 
fine structures of the P32 ground state of Cl® and Cle 
have been determined by the atomic-beam magnetic 
resonance method. For both isotopes, J=J=3/2, there 
are four energy levels at zero magnetic field, corre- 
sponding to F=0, 1, 2, and 3, given by the relation 
W=a(C/2)+(0'’/24)C(C+1)+c[C?+4C2+4(C/5)] where 
C=F(F+1)—1(I[+1)—J(J+1), a is the magnetic dipole, 
b’ the electric quadrupole, and c the magnetic octupole 
interaction constant. The measurement of the separations 
between adjacent levels, a—b’+153.1c, 2a—b’+54.2c, 
3a+6’+171.3c, allows the determination of the interac- 
tion constants a, b’, and c. 


@35 = 205.288+0.030 Mc, 
b’ss= 55.347+0.070 Mc, 
C35 = 380+500 c.p.s. 


After including small relativity corrections the electric 
quadrupole moments calculated from the ratio b’/a are 
Qss= — (7.921+0.05) X 10-* cm?, and Q37= — (6.189+0.05) 
10-6 cm*. An unusual method was used to observe the 
F=1 to F=0 transition. The refocused beam intensity, 
due to transitions between F=1 and F=2, was diminished 
by superimposing a second oscillating field corresponding 
to the transition from F=1 to F=0. 


* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and O.N.R. 


a37 = 170.686+0.030 Mc, 
b’s7= 43.256+0.070 Mc, 
¢37= 20 +500 c.p.s. 


Dll. A Recording Microwave Refractometer. GEORGE 
BIRNBAUM, National Bureau of Standards (Introduced by 
Harold Lyons).—This instrument can measure and con- 
tinuously record the dielectric constant (or index of refrac- 
tion) of low loss gases, liquids, and solids. A sawtooth 
frequency-modulated signal is simultaneously applied to 
two cavity resonators, one used as a reference cavity, the 
other to contain the dielectric sample. The output of the 
cavity resonators yield resonance responses which are 
amplified in separate channels. These resonance responses 
are sharpened and applied to a trigger tube which is 
turned on by one pulse and turned off by the other. The 
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average output current of the trigger tube is metered. For a 
linearly frequency-modulated output from the microwave 
oscillator, the trigger-tube output current is proportional 
to the frequency difference between the two cavities. 
It appears possible with some refinements to detect a very 
small change in frequency of 1 part in 108. The output of 
the circuit is made to drive a recording meter and is thus 
capable of following rapid changes in index of refraction. 
Modifications are possible which will allow recording of the 
absorption coefficient or loss angle of dielectrics. The 
instrument should lend itself to micrewave propagation 
measurements. ~ 


Theoretical Physics 


El. A Special Property of the Electron’s Gyromagnetic 
Ratio. JosEpH W. WEINBERG, University of Minnesota.— 
Theoretical cross sections for electromagnetic processes 
at high energies for charged particles of spin h/4mr and 
magnetic moment g(eh/4mrmc) are largely proportional to 
powers of (g—1)*E?,! and are markedly reduced when, as 
for the electron, g=1. This is explained by the classical 
picture of a charge e, of magnetic moment M, which, in a 
rest system, (v=0, c=1), obeys dv/dt=(e/m)E, dM/dt 
=g(e/m)MXH. Relativity requires the existence of an 
electric moment P = M Xv, which vanishes in a rest system, 
but has a finite rate independent of g. Acceleration of the 
moments produces magnetic and electric dipole radiation, 
whose destructive interference cancels the dominant con- 
tribution when g=1. This accounts for those features of the 
quantum cross sections properly ascribed to radiation. 
Additional g-sensitivity due to the deflection process can be 
inferred from the quantum picture of momentum transfer 
as mediated by photons. The classical spectrum has been 
investigated for the case of impact radiation in a Coulomb 
field, where the moments are submitted to sudden changes 
6P=MXiv, 5M=gMX[évXv]. Modified and reinter- 
preted by the correspondence principle, the result agrees 
quantitatively with the field-theory cross section for 
radiation after deflection through 6v/v, divided by the 
corresponding elastic scattering cross section. 


1W. Pauli, Jr., Rev. Mod. Phys. 13, 203 (1941). 


E2. An Invariant Quantum Electrodynamics. JULIAN 
SCHWINGER, Harvard University.—In order to isolate the 
divergent aspects of current quantum electrodynamics! 
in a manner that is Lorentz- and gauge-invariant, it is 
necessary to employ a formulation of the theory that pre- 
serves these invariant features at all stages. This has been 
achieved by a field theory generalization of Dirac’s many- 
time formalism for particles interacting with the electro- 
magnetic field, in which infinitesimal spatial volume ele- 
ments play the role of particles. An appropriate canonical 
transformation enables one to exhibit the self-energy 
modifications of electron and photon properties, which, 
for the electron, correspond to the addition of an invariant, 
though divergent, electromagnetic mass. Self-energy effects 
for the photon vanish identically, in contrast with pre- 
vious theories. The radiative corrections to the interaction 
energy of an electron with an external field are obtained in 
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properly covariant form. In particular, we confirm the 
additional spin magnetic moment, 6u/y = (1/2)(e?/hc), ob- 
tained previously from a non-invariant formulation. 

1 J. Schwinger, Phys. Rev. 73, 415 (1948). 


E3. Variational Principles for Diffraction Problems. 
HAROLD LEVINE AND JULIAN SCHWINGER, Harvard Uni- 
versity.—The diffraction of a scalar plane wave by an 
aperture in a plane screen is described in terms of two 
variational principles. An important role is assumed by the 
amplitude of the diffracted spherical wave at large dis- 
tances from the aperture. For a boundary condition which 
requires that the wave function vanish on the screen, 
explicit expressions for the amplitude are obtained, which 
have the property of being stationary with respect to varia- 
tions relative to the correct values of (1) the wave func- 
tions in the aperture, and (2) the discontinuities in the 
normal derivative of the wave functions at the screen, 
arising from a pair of incident waves. In addition, these 
expressions are independent of the scale of the wave func- 
tions. From the detailed application to a problem for 
which exact results are available,! it appears that when 
combined with suitable trial functions, the variational 
principles provide approximate, yet accurate expressions 
over a wide range of frequencies for the diffracted ampli- 
tude and transmission cross section. The formulation is 
extended to the diffraction of an electromagnetic plane 
wave, with the assumption of a perfectly conducting screen. 


1C. J. Bouwkamp, “Theoretical and numerical calculation of diffrac- 
tion by a circular aperture,’’ Dissertation (In Dutch), Groningen, 1941. 


E4. A Relativistic Cut-Off for Quantum electro- 
dynamics. R. P. FEYNMAN, Cornell University.—Ac- 
cording to Lienard and Wiechert, the classical electro- 
magnetic potentials at one point depend on the charges 
and currents at another point at a distance r at a time 
earlier by t=r/c. The influence is proportional to the 
retarded part of the Dirac delta-function of the square 
of the four-dimensional interval S?=/—1r?/c?. We replace 
this delta-function by a finite arbitrary function of S? of 
very small width a*. When the corresponding alteration is 
made in quantum mechanics, quantities which previously 
were infinite turn out finite. The self-energy of a free elec- 
tron behaves as a change in mass. The change depends 
logarithmically on a. The electromagnetic correction to a 
scattering cross section and the self-energy of a bound 
electron also depend logarithmically on a. When expressed, 
however, in terms of the corrected mass of the free electron, 
these quantities are not sensitive to a and remain finite 
as a approaches zero. They then agree with the results of 
Bethe, Weisskopf, Lewis, and the theory of Schwinger,* 
except for terms corresponding to polarization of the 
vacuum. These terms are not made convergent by the 
above procedure. The procedure is relativistically in- 
isto 


See, for example, Bull. Am. Phys. Soc. 23, No. 2, Z-8, Z-9, Z-10 
use ‘also H. W. Lewis, Phys. Rev. 73, 173 (1948), 


E5. Boundary Conditions as Relativistic Interaction. 
Marcos MosuINnsky AND E. P. WIGNER.—The simplest 
type of relativistic interaction between two particles, which 











necessarily leads to convergent results, can best be formu- 
lated in an eight-dimensional configuration space-time. 
Both time derivatives of the wave function are given by 
the corresponding free particle equation at all points in 
configuration space, and it is postulated that the wave 
function be regular everywhere except at the points where 
the space-time coordinates of the particles coincide. At 
these points, the wave function can have a singularity. 
It then turns out that the relativistic invariance and the 
conservation law of probability determine the singularity 
up to a constant: For two Klein-Gordon particles this 
singularity gives rise to a scattering cross section 47a?/ 
(1+%a?); where a is the constant in question and k the 
wave number of the relative motion of the two particles. 
Other types of interaction can be formulated in Fock 
space, the simplest ones being the disintegration of one 
particle into two (and the reverse process), and the 
transformation of two particles into two particles of 
different masses, etc. In this last case the difference of the 
squares of the two masses must be the same before and 
after collision. The apparent impossibility of incorporating 
the ideas of the “hole theory” into low dimensional con- 
figuration spaces makes it unlikely that these considera- 
ations will enable one to avoid introducing functionals. 


E6. On the Integral Equations of Motion. ELtior T. 
BENEDIKT, North American Aviation.—The equations of 
motion for a particle and for a general mechanical system 
will be set up in integral form. A solution of the above 
equations by an iteration process will be discussed for 
the case of a particle moving under the combined action 
of a time-dependent and a position-dependent conserva- 
tive force. The above procedures will be applied to the case 
of a particle moving in a central Newtonian field, under the 
action of a (finite) time-dependent force. 


E7. Statistical Error in Transmission Measurements. 
M. E. RosE AND M. M. SHaptro, Clinton National Labora- 
tory.—In certain exponential absorption experiments it is 
important to achieve minimum statistical error in a limited 
time or to minimize the counting time required to measure 
the absorption coefficient with a preassigned accuracy. 
The conditions required to attain these ends, i.e., the geom- 
etry for optimum transmission and the optimum apportion- 
ment of counting times among the incident and transmitted 
beams and background, have been investigated for a wide 
range of relative backgrounds (10-* to 10?) and for two 
geometries: (1) beam area fixed, absorber thickness alone 
is varied; (2) beam area and absorber thickness are both 
disposable parameters, while the total amount of absorber 
intercepting the beam remains fixed. In both cases the 
flux density and background rate are assumed constant. 
The optimum transmissions are shown to be, in general, 
considerably small than those commonly used in absorp- 
tion experiments. Thus, for case (1), a useful rule is to 
employ a transmission of about 0.1 for low backgrounds, 
0.2 for moderate backgrounds, and 0.3 for high back- 
grounds. The following have also been determined: (a) 
minimum statistical error for a given total counting time; 
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(b) statistical error and the best distribution of counting 
times for non-optimum geometry; (c) sensitivity of the 
accuracy or total counting time to deviations from optimum 
transmission. 


E8. Symmetry Properties of ¥-functions. G. J. YEvIcK, 
Stevens Institute of Technology—The Young symmetry 
operator! proves to be a simple but powerful tool in the 
analysis of the n-body problem in quantum mechanics. 
For ¥-functions with symmetries other than completely 
symmetric (Einstein-Bose statistics) or completely anti- 
symmetric (Fermi-Dirac Statistics), Wigner has suggested 
that it may be possible to construct the interaction between 
a collection of non-mutually interacting particles and the 
particles which create or destroy them, in such a manner 
that the first collection is automatically forced into the 
desired symmetry. It appears that this can be done with 
the aid of the Young symmetry operator. The full conse- 
quences of such a procedure have not yet been worked out. 
In order to apply such a method—especially for the in- 
volved problem of second quantization—a complete an- 
alysis of the symmetry properties of the ¥-functions for a 
fixed number of particles has been carried out. In addition 
to the Young symmetry operator, the Laplace identity 
relations for determinants provide the general solution to 
such an analysis. 


1 See E. G. Weyl, Group Theory and Quantum Mechanics, Chapter V. 


E9. Irreversibility and Quantum Mechanics.* L. Tisza, 
Massachusetts Institute of Technology.—The formalism of 
quantum mechanics is symmetric with respect to future 
and past, whereas in thermodynamics the increase in 
entropy marks an asymmetry. The numerous attempts at 
reconciling the two points of view seem not quite satis- 
factory. Some progress has been achieved on the following 
lines: the increase in entropy is a consequence of the de- 
struction of phase relations connected with the limitations 
of the observer dealing with molecular systems. These 
limitations are in addition to those inherent in quantum 
mechanics and can be expressed as follows: (1) Only such 
macroscopic operations and measurements are feasible 
which may be expressed in the Hilbert space of a single 
particle and which affect all similar particles identically. 
(2) The principle of thermal uncertainty states that a com- 
pletely closed system is an inadmissible idealization, since 
the system must interact at least with the walls and other 
devices by which it is shielded from the surroundings. 
The resulting “thermal noise” is essential for the increase 
in entropy, which would be impossible if the temporal 
behavior of the system were determined by a rigorously 
constant Hamiltonian operator. The situation is analogous 
to that in communication where the information contained 
in the signal is decreased only because of noise. 


* This work has been supported in aad aa the Signal Corps, The 
Air Materiel Command, and the O.N.R. 


E10. Note on the General Properties of S Matrices. 
T. S. CHANG, Carnegie Institute of Technology (Introduced 
by F, Seitz).—The general properties of S matrices are re- 
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examined. First, we show that the equation StS=1 ex- 
pressing the unitariness of the S matrix is not true in 
general, and must be modified by the introduction of a 
non-positive-definite weight w. This corresponds to the 
fact that there are negative probability densities in the 
relativistic theory of elementary particles. Next, S is 
determined in terms of wave matrices VY representing out- 
going and incoming scattered waves (plus incident waves), 
and the commutability between S and the Hamiltonian 
(if any) is discussed. Next, a difficulty connected with the 
description of the discrete states by the wave matrices 
at S=0 and at pure imaginary values of the magnitude 
of the momentum is pointed out. Finally, with S assumed 
to transform in a Lorentz transformation as W should, 
the wave matrices VY in the S matrix theory are shown to 
transform only approximately correctly in the x representa- 
tion (i.e., they transform correctly only after the neglect 
of terms 0 (y~*), y being the distance between the scatterer 
and the scattered particle). 


On a Coarse-Grained Density in Phase Space and Its 
Relation to Transport Phenomena. J. M. RICHARDSON, 
Bell Telephone Laboratories. 


Cosmic Rays 


EA2. Directional Distribution of the Total Cosmic 
Radiation at Atmospheric Heights up to 10-cm Hg at 
Princeton.* JOHN WINCKLER, Princeton University.—The 
intensity distribution of cosmic-ray particles as a function 
of zenith and azimuth was measured by unshielded Geiger 
counters carried by balloons. Four threefold telescopes 
directed in the. vertical, horizontal, and at 30° and 60° 
zenith angles, were used. Additional counters registered air 
showers. Pressure, temperature, orientation, and cosmic- 
ray events were transmitted to a ground recording station 
by a 15-channel radio telemetering system. 

A preliminary analysis of the data indicates the follow- 
ing facts: 


(a) The sea level cos?@ dependence on zenith angle @ is 
modified near 10-cm Hg to a more isotropic distribu- 
tion, in which the horizontal intensity is 20 percent 
of the vertical and the intensity at 6=60° is 50 
percent (showers excluded). 

(b) Within the statistical accuracy of the data there is 
no certain azimuthal effect at any zenith angle. 

(c) Total air showers are 10 percent of the vertical in- 
tensity. Showers accompany in equal numbers coin- 
cidences at 6=0, 30°, and 60°, and in smaller num- 
bers at 6=90°. ; 

(d) The vertical intensity-altitude curve agrees with the 
results of Pfotzer. 


It is planned to continue the experiments at higher alti- 
tudes (~1-cm Hg) using lead filters and more efficient 
shower protection. 

* This work was performed under contract with the Office of Naval 
Research. 3 


EA3. East-West Asymmetry, Zenith Angle Dependence, 
and Flux Measurements of Cosmic Rays up to 36,000 Feet.* 
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JaMEs F. JENKINS, JR., Johns Hopkins University.—The 
counting rates of counter telescopes with 0, 2, 8, and 10 
cm of Pb were measured in B-29 aircraft at Inyokern, 
California (43° N geomagnetic latitude) from 2250 to 
36,000 feet. For the hard telescopes (8- and 10-cm Pb) the 
data were taken at 0° and 45° off the vertical and at north, 
east, south, and west geographical directions in the 45° 
position. For the soft telescopes (0- and 2-cm Pb) the data 
were taken only in the vertical position. The counting rates 
of two pairs of G-M tubes were also measured at these alti- 
tudes—one pair under 2-cm Pb and the other under no Pb. 
Asymmetries of west over east in the order of 10 percent 
were observed at altitudes greater than 20,000 feet for 
penetrating particles., In this same altitude range, showers 
showed a west to east asymmetry of from 3 percent to 
18 percent. From a consideration of the two points, (0° 
and 45°) at each altitude, on the zerlith angle curve, it is 
seen that if a cos" 6 relationship is assumed, that n=2 up 
to 18,000 feet, and then falls off toward n=0, the value at 
36,000 feet being m~1. This is in accordance with the 
findings of Swann.! 

* This work has been made possible by the support of the Navy 


Bureau of Ordnance. 
1W. F. G. Swann, Rev. Mod. Phys. 11, 242 (1939). 


EA4. Density Spectrum and Latitude Dependence of 
Extensive Air Showers at Sea Level.* S. F. SINGER, 
Johns Hopkins University.—An arrangement of four closely 
spaced trays, each containing ten Geiger counters, was used 
to investigate the particle density spectrum of extensive 
air showers (Auger showers). The measurements were 
carried out in Silver Spring, Maryland (geomagnetic lati- 
tude 50°), and in the Canadian Arctic (A=80° to 90°). 
In both cases the material above the counters was 0.6 
g/cm? of wood. Master coincidences were formed between 
the parallel outputs of three counter trays (A, B, and C) 
and subsidiary coincidences between the master coin- 
cidence pulse and the individual Geiger counters in two 
trays (A and D). This served to speed up the process of 
data taking and also gives information about the structure 
of showers. No latitude dependence was found over the 
range of densities which could be resolved by the apparatus. 
The method of computation of a power law spectrum for 
particle densities, also correlations with a shielded ion 
chamber, and the theoretical implications of the results 
will be discussed. 


* This work has been made possible by the support, of the Navy 
Bureau of Ordnance. . 


EAS. Neutron Densities in the Atmosphere as a Func- 
tion of Latitude and Altitude.* J. A. Smmpson, JR., Uni- 
versity of Chicago.—The densities of neutrons with energies 
greater than 0.3 ev were measured in aircraft using boron 
trifluoride proportional counters. It may be shown that 
these measurements correspond to free space measure- 
ments. The total vertical intensity of charged particles 
traversing 5 g/cm? and the vertical intensity of mesons 
traversing 20 cm of lead were also measured at the same 
time. The factor of increase of neutron density between 0° 
and 53°N magnetic latitude is much greater than the 
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corresponding latitude factors for the total vertical in- 
tensity or for the so-called “soft” vertical intensity. At 
45-cm Hg pressure the factor for neutrons is 2.30.1; at 
30-cm Hg it is 2.8+0.1; at 20.0-cm Hg it is 3.30.2; and 
at 15.0-cm Hg it is 3.50.2. The total exponential absorp- 
tion of the neutron producing radiations corresponds to: 
192+8 g/cm? at 0° and 19°N; 181+7 g/cm? at 40°N; 
160+7 g/cm? at 53°N. All measurements were made 
between pressure altitudes of 10‘ and 3.710‘ feet. Some 
measurements of neutron production in aluminum and 
lead have been made. The results and interpretation of the 
above data will be discussed. 


*A portion of this work was supported by the Office of Naval 
Research. 


EA6. A Possible Circulation of Cosmic-Ray Helium 
Particles Around the Earth.* W. F. G. Swann, Baritol 
Research Foundation.—Chandrashekhar Aiya found a 
sudden drop in cosmic-ray intensity at 21 cm of lead thick- 
ness at an altitude of 3110 feet on the magnetic equator. 
W. F. G. Swann and P. A. Morris found a similar drop at 
22 cm of lead at Bocayuva at an altitude of 2300 feet near 
the magnetic equator, but found no such drop at Swarth- 
more, Pennsylvania. 

A drop of the kind cited indicates a sharp peak in the 
spectral energy distribution curve at the top of the atmos- 
phere, the peak occurring at an energy necessary for meso- 
trons to penetrate to the point of observation and through 
the thickness of lead concerned. Such a peak invites the 
assumption of heavy nuclear particles circumscribing the 
earth at the magnetic equator and breaking up into. meso- 
trons. It is shown that a single ionized helium primary with 
energy such as to enable it to circulate around and near 
the earth at the equator would, on breaking up into 40 
mesotrons, endow each mesotron with an energy of 1.2 X 10° 
ev. The mesotron energy necessary to penetrate at Bo- 
cayuva and through the 20 cm of lead is 1.3 10° ev. 


* Assisted by the Office of Naval Research and by the National 
Geographic Society. 


EA7. Rocket Borne Cloud Chamber I. S. E. GoLtan, 
C. Y. JoHNsON, AND M. Kuper, Naval Research Labora- 
tory—A cloud chamber of 6-inch diameter was sent aloft 
in a V-2 rocket launched on January 22. The chamber con- 
tained argon at 2-atmospheres pressure and 2 lead plates of 
1-cm thickness. Expansions were made every 25 seconds 
without counter control. Twelve photographs were taken 
at high altitude. A description of the apparatus and of 
some of the photographs will be given. 


EA8. Rocket Borne Cloud Chamber II. G. J. PERLow, 
E. KRAUSE, AND C. SCHROEDER, Naval Research Labora- 
tory.—Additional analysis of the photographs of the pre- 
vious abstract will be given. Particular emphasis will be 
placed on the results of counter experiments made in other 
rocket flights. 


Neutrons 


Fl. Diffusion of Neutrons without Change in Energy 
in a Medium with Anisotropic Scattering. M. A. GREEN- 
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‘ 
FIELD, North American Aviation.—Using Mark’s! method 
of solving the transport equation for diffusing neutrons 
with anisotropic scattering, the writer has considered the 
case for a semi-infinite absorbing medium containing 
sources. It is shown that the neutron density has a spatial 
dependence as eXo2 where Ko, reciprocal of the diffusion 
length, is given by: 


1 | 14+Ko_1+(3b/lJ-Ke) 
Ko 1-Ko 1+(3b/ll.K0)’ 


1, 1,, le, 6 are, respectively, the total, scattering, capture 
mean free paths and the average cosine of the scattering 
angle. If b is 0, the expression reduces to one given by 
Placzek.? In the case treated by Mark, the neutron density 
gradient is essentially constant a few mean free paths from 
the boundary; a constant gradient suffices to supply 
neutrons leaking out at the boundary. For an absorbing 
medium the density gradient increases away from the 
boundary to supply the absorption load as well as the 
leakage neutrons. 





1J. C. Mark, “‘Milne’s problem for anisotropic scattering,” Nat. 
Research Council of Canada, 1947. ; 

2G. Placzek and G. M. Volkoff, ‘‘Notes on diffusion of neutrons with- 
out change in energy,’’ Nat. Research Council of Canada, 1943. 


F2. Neutron Diffusion in Shielding Materials.* P. C. 
GUGELOT AND M. G. WHITE, Princeton University.— 
Neutron absorption experiments have been carried out to 
obtain information on the shielding qualities of different 
concrete blocks of 46X 46X46 cm. A steel tube of 7.5-cm 
diameter through the center of the block and parallel to 
the neutron beam could be filled with concrete slabs of 
5.3-cm thickness. Silver foils with or without Cd absorbers 
were placed between the slabs and activated by neutrons 
from 18-Mev protons on Be. A G.M. counter placed 
between the slabs gave information on the ionizing radia- 
tion inside the block. The following mixtures have been 
investigated. The half-value thickness (Dag in cm) at 
d=20 cm for the 2.3-min Ag activity excited by thermal 
neutrons and the half-thickness (Dc in cm) for the counter 
at d=20 cm were: 


Mixture gr H,O/cm!® gr Fe/cm® Density 
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'* Supported in part by Navy contract. 


F3. Depolarization of Neutrons during Diffusion. S. 
Borowitz, New York University—Following a recent 
suggestion! we consider the cumulative effect of several 
depolarizing collisions as a possible method for investi- 
gating the spin dependence of nuclear forces, when the 
scattering amplitudes are almost equal. Specifically, we 
examine the following situation: a plane monochromatic 
beam of polarized, thermal neutrons is incident normally 
on a semi-infinite slab of material of finite thickness, 
which scatters the neutrons isotropically and elastically. 





1216 


4 


We wish to calculate the polarization of the transmitted 
beam. The transport equations for the neutrons of each 
polarization lead to a coupled system of integro-differential 
equations which reduce to a pair of equations of the 
Wiener-Hopf type. The equations are solved approximately 
by a method originated by G. C. Wick.? The first approxi- 
mation is equivalent to considering the process a diffusion ; 
the higher approximations, which converge rapidly, correct 
for the non-spherical distribution of the neutron density. 
The results indicate that conditions for performing an 
experiment are favorable. For a thickness of scatterer of 
10 mean free paths, one obtains considerable depolarization \ 
for reasonable values of the scattering amplitudes. Using 
a pile as a neutron source, the intensity is not reduced 


beyond what is easily measured. 


1M. Hamermesh and J. Schwinger, Phys. Rev. 69, 145 (1946). 
2G. C. Wick, Zeits. f. Physik 121, 702 (1943). 


F4. Inelastic Scattering of Fast Neutrons. L. SzILarp, 
S. BERNSTEIN, B. FELD, AND J. ASHKIN, University of 
Chicago.—Measurements of inelastic scattering effects of 
Ra—a—Be and Ra—a-—B neutrons in Fe, Pb, and Bi 
have been made. A U*8 fission threshold detector was used. 
The method consisted in measuring the fission counting 
rate in the detector with and without the spherical scatterer 
surrounding the source. From the decrease in the counting 
rate caused by the presence of the scatterer, values of the 
cross section for inelastic scattering to below the U8 
fission threshold were calculated for several assumed values 
of the elastic scattering cross section. For example, if the 
elastic scattering cross section is taken equal to zero, the 
inelastic scattering cross sections in barns are as follows: 








Ra-a-—B 
neutrons 


Ra—a—Be 
neutrons 


Fe 1.0 0.8 
Pb 1.2 0.9 
Bi 1.5 1.1 











FS. The Recently Improved Slow Neutron Velocity 
Spectrometer with Some of the Results Obtained. W. W. 
HAVENS, Jr., L. J. RatnwaTer, C. S. Wu, AnD J. R. 
DuNNING, Columbia University —The Columbia University 
slow neutron velocity spectrometer system! has been 
improved by using a 1-mc crystal oscillator to provide the 
fundamental timing. This permits cyclotron and detector 
“on times” of 2, 4, 8, 16, etc. microseconds. Total cycle 
periods of 1024 or 8192 usec. are used, depending on 
whether or not Cd filters can be used. Using 2 usec. ‘‘on- 
times’ and a 6-meter path length gives a total effective 
resolution width <1 ysec./meter. Since a time of flight of 
0.72 usec./meter corresponds to a neutron energy of 
10,000 ev, it is now possible to observe strong neutron 
resonance levels above 1000 ev as sharp deep dips on a 
curve of slow neutron transmission vs. time of flight. 
Results will be shown for Al, Zn, Cr, and NaBr, showing 
strong neutron resonance levels above 1000 ev. This 
document is based on work performed for the Atomic 
Energy Commission. 


1J. Rainwater and W. W. Havens, Jr.,Phys. Rev. 70, 136 and 154 
(1946); Rainwater, Havens, Wu, and Dunning, ibid. 71, 65 (1947); 
Havens, Wu, Rainwater, and Meaker, ibid. 71, 165 (1947); Wu, Rain- 
water, and Havens, ibid. 71, 174 (1947). 
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F6. Neutron Scattering Resonances in Elements from 
Scandium to Arsenic. S. P. HARRIS AND A. S, LANGsDorr, 
Jr., Argonne National Laboratory.—Since the discovery of 
the predominantly scattering character of the resonance in 
Mn for 300-ev neutrons, a search for similar resonances 
has been made using an annular BF; proportional counter 
as described in a published report on the scattering char- 
acter of the 115-ev Co resonance. This apparatus permits 
observation of resonance scattering up to a few thousand 
ev. We have observed similar resonance scattering effects 
in Cu, Ga, and indications of such resonances in Sc, V, 
and As. The latter three are difficult to measure because 
the presumed resonances are above 1000 ev where the 
sensitivity of detection is low. The resonance in Cu is 
probably in the region of 500 to 1000 ev. In the case of 
Ga, both isotopes seem to have such resonances, and both 
in the range 100 to 500 ev. All the above are odd atomic 
number elements. Among even atomic number elements 
resonance scattering effects are consistently weaker, being 
practically unobservable in Fe and Ni, and small but 
observable in Ti and Cr. In Zn the resonance effect seems 
clear-cut. It is possible that the observed resonance 
scattering effects in these even atomic number elements 
are ascribable to the odd mass number isotopes of low 
abundance. Since none of these can be activated, enriched 
isotopes will have to be used to confirm this supposition. 


F7. Total Neutron Cross Sections of Compounds with 
Different Crystalline Structures. LESTER WINSBERG, 
Davip MENEGHETTI, AND S. S. SipHu,* Argonne National 
Laboratory.—The total neutron cross sections of poly- 
crystalline compounds such as close-packed hexagonal 
ZnO, body-centered cubic TIBr, and face-centered cubic 
CaO were determined with the Argonne neutron velocity 
selector! and neutron crystal spectrometer? in the energy 
region of 0.001 to 1.0 electron volts. The curves of cross 
section as a function of neutron energy were resolved as a 
sum of absorption, coherent scattering, and incoherent 
scattering cross sections. These curves contain cross-section 
peaks, which are due to coherent scattering from various 
crystalline planes. The positions of the peaks come at 
neutron wave-lengths which satisfy the relation, »\=2d, 
where » is the order of the reflection and d is the interplanar 
distance. These diffraction effects are similar to those 
obtained with x-rays. The cross sections calculated by 
means of Eqs. (4) and (6) in reference 3 were compared 
with the experimentally obtained curves.* The change in 
the phase of the neutron wave on scattering by Zn and Ca 
is the same as that for O, which is in agreement with the 
work of Fermi and Marshall, and for Tl is the same as for 
Br. The free-atom scattering cross section of Ca determined 
from these data is 2.50.5 barns, based on a value of 4.1 
barns for 0. The corresponding scattering amplitude for 
Ca is 0.46+-0.05 X 10-2 cm. These values for Ca are much 
less than any previously reported. 


* On leave from the University of Pittsburgh. 

1T. Brill and H. V. Lichtenberger, Phys. Rev. 72, 585 (1947). 

2W. H. Zinn, Phys. Rev. 71, 752 (1947). 

3 E. Fermi, W. J. Sturm, and R. G. Sachs, Phys. Rev. 71, 589 (1947). 


F8. Oscillatory Method for Measuring Neutron Cross 
Sections by the Effect on the Reactivity of a Chain- 
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Reacting Pile. ALEXANDER LANGSDORF, JR., Argonne 
National Laboratory.—An increase in sensitivity by a factor 
of about 20 over the already described static control rod 
method! has been achieved by oscillating samples in and 
out by the Argonne heavy water pile (at one cycle per 20 
seconds). The a.c. ripple in ion current from a BF; chamber 
in the pile is measured by a galvanometer circuit. Emphasis 
has been placed upon measuring resonance absorption, 
JS og@dE/E, of samples oscillating in a cadmium tube. One 
then measures capture, slowing down and scattering effects. 
The scattering may almost be eliminated, slowing down 
calculated, and /fo.dE/E determined except for some 
light elements. Total pile cross sections are measured by 
removing the Cd sleeve. Then absorption as small as by 
Bi (~0.05 X 10-* cm? including impurities) may be meas- 
ured to a few percent in spite of 200 times greater o,, 
using a 1000-g sample. 


1H. L. Anderson, E. Fermi, A. Wattenberg, G. L. Weil, and W. H. 
Zinn, Phys. Rev. 72, 16 (1947). 


F9. Delayed Emission of Neutrons from the Decay of N’’. 
N. KNABLE, E. O. LAWRENCE, C. E. Lerru, B. J. Moyer, 
AND R. L. THORNTON, University of California, Berkeley.— 
The bombardment of oxygen and elements immediately 
above it in atomic number with 195-Mev deuterons is 
observed to yield a delayed emission of neutrons decaying 
with a half-life of slightly over four seconds. Measurements 
of the decay periods, with a BF; proportional counter 
corrected for resolving time, for target elements from 
oxygen through chlorine gave a single half-life of 4.14+0.04 
seconds. Observations of the intensity of gamma-radiation, 
together with the magnitude of the yield of delayed 
neutrons, precluded an explanation in terms of y—n 
reactions. Bombardments of various elements by deuterons, 
protons, and neutrons indicated that the active isotope re- 
sponsible for the decay period leading to the neutron emit- 
ter must have Z <8 and A —Z = 10. Subsequent experiments 
by Alvarez!idefinitely assigned the effect toa nitrogen isotope, 
identifying N!? as the nucleus which carries the phenome- 
non. Results of a general search through the periodic table 
for such effects will be reported. Complex decay curves for 
delayed neutrons from Ce, Gd, Pt, Au, Hg, Tl, Pb, and Bi 
will be shown. This work was performed under the auspices 
of the Atomic Energy Commission. 


1 See abstract F11. 


F10. Production of N'? by Deuteron Bombardment.* 
W. W. CuHupe anp E. M. McMmLian, University of 
California, Berkeley—The nucleus N offers a unique 
opportunity for studying many-particle reactions among 
the light elements, since its specific property of giving 
4.13-sec. delayed neutrons allows it to be easily distin- 
guished. We have examined the yield of delayed neutrons 
from a number of substances bombarded by an external 
beam of 195-Mev deuterons from the 184-inch cyclotron. 


The beam passed through a monitor consisting of a thin. 


LiF crystal and then through a thin sample of known 
surface density; after 30 seconds of exposure the sample 
was allowed to fall into a sensitive re-entrant BF; chamber 
and the monitor was pulled alongside a BF; counter, and 
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then simultaneous counts were taken for 30 seconds. The 
chambers were heavily shielded by paraffin to reduce 
background. Two kinds of measurements were taken: 
(1) comparisons of the relative yields per atom and (2) 
excitation curves as the deuterons were slowed down by 
copper absorbers between monitor and sample. The 
relative yields per atom show a roughly exponential 
decrease with the number of particles emitted, as indicated: 
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The excitation curves are monotonic with energy and show 
thresholds increasing with Z. 


* This work was performed under the auspices of the Atomic Energy 
Commission. 


F1l. Properties of the 4-Second Neutron Emitter of 
Low Z. Luis W. ALVAREZ, University of California, 
Berkeley.—A gas flow method has been used to show that 
a nitrogen isotope is responsible for the delay. The number 
of neutrons in the active nucleus is known from the work 
of Lawrence and Moyer, so the complete identification is 
N?’, In support of the Bohr-Wheeler hypothesis, ‘‘neutron- 
B”’ coincidences have been observed. The neutrons them- 
selves are not detected, but instead, the recoiling O"* nuclei 
are observed in an atmospheric pressure proportional 
counter, through which passes a stream of He carrying the 
N?7, The pulse size distribution of the recoils gives directly 
the differential neutron distribution and this is observed 
to be very broad. Preliminary results show a maximum at 
zero energy, with a tail extending to more than 2 Mev. 
Its shape is probably due to the fifth power law of 8-decay, 
in which case it is not the true neutron width. Preliminary 
absorption measurements of the 8-rays in coincidence with 
the neutrons indicate an upper limit of 3.70.4 Mev. With 
the improved apparatus now in use, it should be possible 
to determine the neutron spectrum accurately and look for 
the expected variation of 8-ray upper limit with neutron 
energy. This work was sponsored by the Atomic Energy 
Commission. 


F12. On the Radioactive Decay of the Neutron. ARTHUR 
H. SNELL AND L. C. MILLER, Clinton National Laboratories. 
—A collimated beam of neutrons, three inches in diameter, 
emerges from the nuclear reactor arid passes axially 
through a thin-walled, aluminum, evacuated cylindrical 
tank. A transverse magnetic field behind the thin entrance 
window cleans the beam of secondary electrons. Inside 
the vacuum, axially arranged, an open-sided cylindrical 
electrode is held at +4000 volts with respect to ground. 
Opposite the open side a smoothed graphite plate is held 
at —4400 volts. The field between these electrodes acceler- 
ates and focuses protons which may result from decay of 
neutrons, so that they pass through a 2§ X 1 inch aperture 
in the center of the graphite plate, and strike the first 
dynode of a secondary electron multiplier. The first 
dynode is specially enlarged so as to cover the aperture. 
Readings are taken (1) with and without a thin B” shutter 
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in the neutron beam; (2) with and without a thin foil 
over the multiplier aperture; (3) with and without the 
accelerating voltage. In a total counting rate of about 300 
per min., about 100 are sensitive to operations (1), (2), 
and (3). In the absence of the accelerating field or with 
the foil (2) in, operation (1) does not change the counting 
rate. Assuming all of the 100 c.p.m. to be due to decay 
protons, preliminary estimates of the collecting and 
counting efficiency (10 percent) and of the number of 
neutrons in the sample (4X10*) give for the neutron a 
half-life of about 30 minutes. It is at present much safer 
however to say that the neutron half-life must exceed 15 
minutes. Coincidences are presently being sought between 
the disintegration betas and the collected protons. 


Solid-State Physics Including Semi-Conductors 


G1. Work Function and Semiconductors at High Tem- 
peratures. P. H. MILLER, JR. AND J. J. MARKHAM, Uni- 
versity of Pennsylvania.—Bardeen’s! theory of surface states 
has been extended to include the influence of the intrinsic 
electrons and holes at high temperatures on the behavior 
of the potential barrier near the surface of a semiconductor. 
Because of the high density of electrons and holes at very 
high temperature, the barrier potential must be very small 
and not influenced by the surface states (assumed density 
10“ cm~? volt). Smith and Miller? found that work 
functions of N and P type silicon are independent of 
temperature and are approximately the same. This was 
interpreted as indicating that the height to which the sur- 
face states are filled is the same for both N and P type 
material but not necessarily at a point half-way between 
the filled and unfilled bands. The extended theory shows 
that this point is about halfway between the two. bands. 


1J. Bardeen, Phys. Rev. 71, 720 (1947). 
2A. H. Smith and P, H. Miller, Jr., Bull. Am. Phys. Soc. 23, No. a 


p. 25. 


G2. Hall Effect in Tellurium Measured by a.c. Method.* 
VirGiL E. Bottom, Purdue University.—In order to elimi- 
nate the contribution from the Ettingshausen effect an 
a.c. method for measuring the Hall effect has been devel- 
oped. Frequencies used have been between 1000 and 10,000 
cycles per second, since in this range the Hall effect has 


been found to be independent of frequency. The circuit. 


allows the measurement of both high and low resistivity 
samples and the Hall e.m.f. may be observed directly on 
the screen of an oscilloscope. Thus upon heating the 
sample it is possible to follow visually the change in the 
number of electrons as a function of temperature as 
determined from the Hall effect. Applied to various samples 
of tellurium, both commercial and especially purified, it 
has been found that the Hall effect is positive between the 
temperatures 20° and 400°C, with a slope indicating an 
activation energy~in agreement with the value reported! 
for tellurium films. 


* This work has been supported by Signal Corps contract. 
1 Wayne Scanlon and K. Lark- Horovitz, Phys. Rev. 72, 530 (1947). 


G3. Dependence of Resistivity of Germanium on Elec- 


tric Field.* RaLpH Bray, Purdue University—High re- 
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sistivity (e~1 ohm-cm) germanium samples, macroscopi- 
cally uniform, are ohmic only up to fields of the order of 
100 v/cm ;! the critical field, E., above which the resistivity 
decreases, and the functional relation between the resis- 
tivity and field, p(Z), vary from sample to sample. Con- 
stant current pulses of 5-microsecond duration are used, 
thereby eliminating heating effects, and also determining 
the time constant for the field effect (~10-’ sec. ). Studies 
of the temperature dependence with both p and m type 
samples show that the maximum in the field effect occurs 
at a temperature corresponding to the transition from 
impurity to intrinsic conduction; the field effect diminishes 
rapidly on either side of the maximum. E, and p(E) are 
also temperature dependent. Secondary field effects with 
much longer time constants and giving first increasing and 
then decreasing resistivity with increasing field become 
important at the higher temperatures. To determine how 
far the field changes the number of carriers or their 
mobility, Hall effect measurements using these pulses 
have been started. 


* Supported by Signal Corps. 
1R. Bray, K. Lark-Horovitz, and R. N. Smith, Phys. Rev. 72, 53 


(1947). 


G4. Electronic States in Almost Periodic Systems. 
HvuBert M. James, Purdue University.—The effects on 
electronic states in crystals of local disturbances (impurity 
atoms or local charge distributions; termination of the 
crystal at free surfaces) have heretofore usually been 
discussed by a fusion of particle and wave concepts. 
Many results thus obtained are open to criticism. A 
complete wave-mechanical analysis of such systems has 
therefore been made in the one-dimensional case. If the 
perturbing potential varies slowly, the wave functions are 
almost periodic functions with the period of the crystal 
potential, modulated by multiplying factors which are 
solutions of wave equations for effective potentials not in 
general identical with the perturbing potential. This 
analysis shows that the exclusion principle has in the past 
been improperly applied in discussing impurity states of 
crystals. It also makes possible a reliable qualitative 
discussion of impurity and surface states. Local depressions . 
of potential may cause one or more trapping states to 
occur below each electronic band; a local rise in potential 
produces similar states above the bands. Localized surface 
states may occur with energies above or below the elec- 
tronic bands; the electrons are trapped on the surface by 
image forces acting in conjunction with the perfectly 
reflecting crystal. 


G5. Electrical Breakdown in LiF below Room Tempera- 
ture. J. W. Davisson, Naval Research Laboratory.— 
Evidence will be presented to show that the star patterns 
formed by dielectric breakdown in LiF,! which lie at an 
azimuth of 12° at room temperature, do not reduce 
azimuth in a continuous manner with decrease of temper- 
ature. Statistical counting of the paths shows that only 
discrete orientations are permitted in this temperature 
range. This behavior further supports the notion that the 
star patterns do not represent merely an average direction 
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formed by competative breakdown in the [110] and [111] 
directions. The general problem of breakdown will be 
summarized. 

1 Phys. Rev. 73, (1948). 


G6. The Change in the Electrical Resistance Produced 
by Cold-Work. J. S. KOEHLER, Carnegie Institute of 
Technology.—Experimentally the electrical resistance of 
most metals increases by a few percent when they are 
cold-worked at room temperature. The present calculations 
are designed to decide whether this increase in the electrical 
resistance can be correlated with the increase in the density 
of dislocations which occurs during cold-work. The changes 
which take place in the dislocation density can be calcu- 
lated from the changes in the yield stress. The dislocation 
contribution to the electrical resistance can be calculated 
if the relaxation time ¢ associated with dislocation scatter- 
ing is known. The first step in obtaining ¢ is the calculation 
of the matrix element V(kk’) which gives the probability 
per unit time that a free electron of wave number k makes 
a transition to wave number k’ as a result of the perturba- 
tion of the crystal lattice produced by the introduction of 
the dislocations. This matrix element is then used in the 
usual Bloch integral equation which determines ¢. The 
results obtained are that: The relaxation time ¢ depends 
on the relative orientation of the electric field which 


produces the current and the dislocations. This directional , 


dependence of the added resistance can be seen to be 
qualitatively reasonable. The calculated additional resis- 
tance introduced by cold-working copper at room temper- 
ature is 0.4 percent. Possible reasons for the discrepancy 
will be discussed (supported by O.N.R..). 


G7. Measurement of Secondary Emission of Insulators 
at Low Primary Energies. Paut K. WEIMER, Radio 
Corporation of America.—Published data on the secondary 
emission of insulators at primary energies of less than 20 
volts are meager.! Experimental difficulties caused by 
charging of the test surface and poor alignment of the 
incident beam are encountered. An experimental method 
based on the electron optical techniques used in television 
camera tubes? has been developed. The sample is scanned 
by the primary beam and the returning electrons passed 
into an electron multiplier. The output signal is fed into a 
television viewing tube, providing a visual means of 
aligning and centering the beam. A pulsing technique with 
a saw-tooth voltage on the sample maintains charge 
equilibrium and permits the study of thick samples. The 
curve of secondary emission vs. primary energy is presented 
directly on an oscilloscope screen in a form convenient for 
study of fine structure in the curve. Measurements have 
been made on glass, silica, and various metals. One 
measurement on G.8 glass gave a ratio at 2-volts primary 
energy of 0.7-which was reduced to 0.3 on evaporation of a 
layer of silver too thin to be conducting. 

1G, sioanes, Zeits. f. Physik 118, 122 (1941). 

2 A. Rose, P. K. Weimer, and H. B. Law, Proc. I.R.E. 34, 424 (1946). 

G8. Production and Tests of Metal Single Crystal 
Surfaces.* H. E. FARNswortH, Brown University.—A 
summary is given of various methods of etching metal 
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crystal surfaces so as to obtain a geometrical boundary 
parallel to a given set of planes for investigations in surface 
physics and chemistry. When some crystals are etched 
chemically under conditions favorable to the production of 
the desired surface, a thin polycrystalline layer is deposited 
on the surface during the process. In some cases this layer 
is soluble in certain solutions and hence may be dissolved, 
or it may be removed by heat treatment in vacuum. 
Recent tests on the etching of a silver crystal by the 
method of electrolytic polish indicate that in this case this 
layer is not removed by subsequent thermal treatment. 
Tests by optical and electron diffraction. methods are 
described. 


* A part of this work was assisted by the Office of Naval Research. - 


G9. Sintering Process Study by Electron Micrography. 
H. CHRISTENSEN AND C. J. Casick, Bell Telephone 
Laboratories.—Thin flakes of nickel-manganese oxide origi- 
nally composed of two interdispersed particle size ranges 
were studied by means of silica replicas of their free 
surfaces. These flakes were heated to selected temperatures 
in the sintering range 720° to 1300°C, then rapidly cooled. 
Below about 900°C the micrographs show incorporation of 
smaller particles into larger ones. From 900°C to 1200°C, 
the larger grains continue to grow with development of a 
terraced surface structure. Above 1200° the simple terraced 
structure tends to break down into a double terraced 
structure. Sometimes the terraces continue across a grain 
boundary, undergoing a sharp change in direction because 
of the change in crystallographic orientation. The height 
of one terrace above another is in the range 10-6 to 2X 10-5 
cm. These phenomena are not inconsistent with Frenkel’s 
views! that surface tension is responsible for viscous flow 
of material from smaller particles to adjacent larger 
particles and also that surface flow can occur in a “‘two- 
dimensional” gas phase. 


1J. Frenkel, J. Phys. U.S.S.R. 9, 385, 392 (1945). 


G10. Stress Relaxation by Interstitial Atomic Diffusion 
in Tantalum. T’Inc-Su1 Kf£, University of Chicago.—In a 
preceding report,! it was shown that the internal friction 
peaks observed in tantalum containing small amounts. of 
C and O are caused by the stress—induced preferential 
distributions of C or O among the interstices in tantalum. 
In order to further elucidate this viewpoint, the relaxation 
strength associated with these relaxations has been deter- 
mined by rigidity and stress relaxation measurements ‘in 
torsion covering a wide range of temperature. When the 
reciprocal of relaxation strength is plotted against absolute 
temperature, the graph is a straight line through the origin. 
This linear relationship agrees with that predicted by 
theory, assuming a model of stress-induced preferential 
distribution. The finding that the extrapolated line passes 
through absolute zero shows that the interaction between 
solute atoms is negligibly small. This implies that the criti- 
cal temperature for self-induced preferential distributions of 
solute atoms is close to absolute zero in the present case. 


1T. S. Ké, Bull. Am. Phys. Soc. (December 1947). 
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G11. A Theoretical Approach to the Strength of Ma- 
terials Under Cyclic Loading. EDwARD SAIBEL, Carnegie 
Institute of Technology.—In a previous paper* the author 
has derived a theoretical relationship between the time it 
takes a material to fracture under a steady load and the 
applied stress. This derivation, based on the Eyring theory 
of reaction rates, considered the breaking of bonds between 
ions or atoms as the product of the reaction and took into 
account in an approximate manner the effect on the 
remaining system of the net product of the reaction. This 
work is extended to the cyclic loading of a material and an 
approximate relationship of the form s =A —BT(logN—C) 
is found; where s is the stress amplitude, N is the number 
of cycles to fracture, T is the absolute temperature, and 
A, B, and C are constants characteristic of the material. 

* Edward Saibel, J. Chem. Phys. 15, 760 (1947). 


G12. Adsorption of Mercury by Activated Carbon. R. C. 
Mason, Westinghouse Research Laboratories—The early 
observations of Coolidge! on the adsorption of mercury 
vapor by activated carbon have been confirmed by 
extensive experiments on adsorption between —5°C and 
100°C. A special ion gauge was used to measure the vapor 
density, and the amount of mercury adsorbed was deter- 
mined by direct weighing. The density of mercury atoms 
in equilibrium with the adsorbed phase could be repre- 
sented by 

n=DweVRT, 


where m is the number of atoms per cm’, w is the weight of 
mercury adsorbed in milligrams per gram of carbon, and 
Q is the differential heat of adsorption. For a number of 
different carbons, Q was found to be approximately 10,000 
calories per mole, and D to be of the magnitude of 107. 

From the kinetics of the adsorption, some conclusions 
about the nature of adsorption and the structure of the 
carbon may be drawn. 

1 J. Am. Chem. Soc. 49, 1949 (1927). 


More or Less Thermal; Mass-Spectra of Ions 


H1. Redefinition of the Thermodynamic Scale of Tem- 
peratures. F. G. BRICKWEDDE,’ National Bureau of 
Standards.—In 1939 Giauque urged that we proceed to 
redefine the number scale of the present thermodynamic 
temperature scale as recommended by Joule and Thomson. 
The new number scale would be determined by assigning 
a number to the temperature (Jo) of the ice point (ordinary 
freezing point or triple point) on the absolute scale (scale 
on which the lowest possible temperature is 0°). By 
assigning to the ice point the present best value (~273.16) 
on the present Kelvin scale, the newly defined and presently 
used thermodynamic scale would be the same, to within 
the present accuracy, of the best gas thermometer meas- 
urements. The steam point (100°C) would be reduced to 
the status of other secondary thermometric fixed points. 
The new definition would fix. the number difference 
(~273.16°) between the absolute (or new Kelvin) and 
centigrade scales. Fixing by definition the numerical value 
(1/7) of the temperature coefficient of volume and 
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pressure changes of the ideal gas (now an empirical 
constant) had other advantages: (1) the accuracy of 
temperature determinations with gas thermometers would 
be improved, and (2) the necessity would be removed of 
recomputing (by methods not agreed upon) previously 
determined temperatures whenever a different empirical 
value is used for the fundamental temperature coefficient 
of the ideal gas. 


H2. The Viscosity of D.O and of H.O from 5° to 125°C.* 
R. C. Harpy AnD R. L. Cortincton, National Bureau of 
Standards (Introduced by F. G. Brickwedde).—Measure- 
ments of the absolute viscosity of D2O of 99.5 percent 
purity and of H.O were made over the temperature range 
5° to 125°C. The work also included determinations of the 
density of D.O over the temperature range 90° to 125°C. 
Values for the viscosity and density of 100 percent D,O 
with 0.7-atom percent excess O!* were obtained by linear 
extrapolation. A Bingham variable pressure viscometer 
was used in the range 5° to 95°C. This instrument was 
calibrated with water at 20°C using the value 1.005 
centipoise for the viscosity of water at this temperature. 
A modification of the Ostwald viscometer, with equal air 
pressure applied to both limbs to prevent boiling, was 
used at the higher temperatures. This instrument was 
calibrated with water at several temperatures using vis- 
cosity values determined with the Bingham instrument. 
The ratio of the viscosity of D,O to that of ordinary 
water at the same temperature was found to be 1.3052 at 
5°C. This ratio decreased at a diminishing rate with an 
increase in temperature to a value of 1.1456 at 125°C. 

* This work supported in part by Atomic Energy Commission. 


H3. Heats of Vaporization of Uranium Hexafluoride. 
J. F. Masi, National Bureau of Standards (Introduced by 
F. G. Brickwedde).—Measurements of heats of vaporization 
of uranium hexafluoride have been made from 4° to 90°C 
to complete the work on thermodynamic properties of this 
important substance. A heavy-walled copper vaporization 
chamber, nickel-plated on the inside, was enclosed in a 
vacuum jacket which was surrounded with a bath main- 
tained within 0.002°C of any desired temperature. The 
temperature of the emergent vapor was obtained from a 
nickel resistance thermometer on the exit tube. The 
apparatus was tested by obtaining the heat of vaporization 
of water at 60° and 95°C; the results obtained were 
scattered uniformly about the values given by Osborne, 
Stimson, and Ginnings,! with a spread of about 0.3 percent 
at 60° and 0.1 percent at 95°. The heats of vaporization of 
UF. were measured at seven temperatures from 4°C to 
the triple point (64.05°C) and at four temperatures above 
the triple point. Six samples of UF. were used, all from 
the same original source and aH purified in the same 
manner. The experimental heats of vaporization had a 
precision of +0.5 percent for the solid and about +1.0 
percent for the liquid. There is agreement, within experi- 
mental error, with values calculated from the vapor 
pressure equation of Crist and Weinstock (to be published 
in J. Chem. Phys.), except at temperatures below 35°C. 


1N. S. Osborne, H. F. Stimson, and D. C. Ginnings, J. Res. Nat. Bur. 
Standards, 23, 197-260 (1939). , 
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H4. The Vapor Pressure of O, from the Triple Point 
to the Critical Point. HARoLD J. HoGe, Natignal Bureau 
of Standards.—The vapor pressure of O2 has been measured 
over the entire liquid range. Low pressures were measured 
with a mercury manometer, intermediate and high pres- 
sures with a piston gage. Temperatures were measured 
with a platinum resistance thermometer. Vapor pres- 
sures in the neighborhood of the normal boiling point 
agree rather well with previously accepted values. 
At high pressures the data are somewhat lower than 
the 1914 values of Onnes, Dorsman, and Holst. Part of 
the disagreement is probably due to a difference in 
temperature scales. The triple point temperature was 
found to be 54.363°K. A calorimetric method was used to 
determine the critical temperature and to show whether 
or not the equilibrium chamber contained both liquid and 
vapor. If either phase disappears, the heat capacity drops 
sharply. Hence so long as the heat capacity remains high 
there are two phases in the equilibrium chamber and 
vapor-pressure measurements may be made. The highest 
temperature at which the drop in heat capacity occurs was 
found by varying the quantity of material in the apparatus. 
_This temperature, about 154.5°K, is the critical tempera- 
ture as calorimetrically determined. 


H5. A Photoelectric Pyrometer for the Measurement of 
Luminous Flame Temperatures. J. A. SANDERSON, J. A. 
Curcio, AND Dorotny V. Estes, Naval Research Labora- 
tory.—A photoelectric pyrometer has been developed for 
the measurement of flame temperatures by a method 
suggested by Hottel and Broughton.! By means of a photo- 
multiplier tube, RCA 1-P22, covered with an interference 
filter transmitting a spectral band 140A wide at A5520A, 
radiant intensities of luminous gas-oxygen flames were 
measured first against a dark background and then with a 
mirror of reflectivity R so placed behind the flame that 
radiation was retrodirected, thus, in effect, increasing the 
flame thickness. The photo-cell filter system was calibrated 
with radiation from a ribbon filament tungsten lamp at 
known temperatures. Application of Wien’s and Kirchoff’s 
radiation laws provided a relation between photo-cell 
currents and true flame temperature. Flame temperatures 
determined by this method were about 10 to 15 percent 
lower than temperatures obtained by line reversal, pre- 
sumably because the latter method gave a result for the 
hottest part of the flame, while the pyrometer gave a 
result for the integrated radiation emitted by the entire 
thickness of the flame. Typical temperatures of a gas- 
oxygen torch were: pyrometer 1758°K; line reversal 
1945°K. 


1H. C. Hottel and F. P. Broughton, Ind. and Eng. Chem. Anal. Ed. 
4, 166 (1932). 


H6. Measurement of Gas Temperatures in the Exhaust 
Flames of Rocket Motors by Spectroscopic Methods. I. 
H. M. Stronc anv F. P. Bunpy, General Electric.—In 
measuring the temperature of the exhaust gases of a 
rocket motor, it is necessary to use a physical optical 
method that does not disturb the flow of the gases. Because 
of the hazardous nature of the combustion, all observations 
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must be made by remote control. An apparatus is described 
for measuring the temperature by the sodium line reversal 
method. A wide range of temperatures for the comparison 
radiator is provided by illuminating an optical wedge with 
a tungsten arc and focusing its image on the slit of the 
spectrograph. Reversal occurs on the wedge image at a 
place where the temperatures of the comparison radiator 
and the flame are equal. The results are recorded photo- 
graphically in the spectrograph. The optical parts are all 
mounted on a rigid framework which is shock mounted 
inside of a protective box. All necessary settings are made 
through the use of solenoids. The effect of the complex 
flame structure, the width of the sodium line, and the re- 
solving power of the spectrograph on the measurement of 
temperature will be discussed. 


H7. Measurement of Gas Pressures in the Exhaust 
Flames of Rocket Motors by Spectroscopic Methods. II. 
F. P. Bunpy, A. B. GREGG, AND H. M. Strone, General 
Electric.—The gases from rocket motors emerge from the 
exhaust nozzle at supersonic speed. The boundary condi- 
tions inside and just outside the nozzle usually cause a 
series of stationary shocks in the flame which are commonly 
known as “shock diamonds.” Methods have been devel- 
oped for measuring the temperatures and pressures in 
different parts of the flame structure by optical means 
which do not require any mechanical disturbance of the 
gas flow. This paper describes the method used for meas- 
uring the pressures. It is based upon the shift of wave- 
length of the sodium D-line radiation toward the red 
caused by the influence of the foreign gas molecules of 
the flame. This red shift effect is proportional to pT—$, and 
depends upon the perturbing gas. The small shift of wave- 
length is measured from the change in diameter of the 
fringes of a Fabry-Perot interferometer. The effect has 
been calibrated by use of a special pressure flame chamber 
in the laboratory. The gas pressures at different places in 
a typical rocket flame are found to range from 0.8 at- 
mospheres up to 2.5 atmospheres. 


H8. Determination of Detonation Temperatures in High 
Explosives.! R. L. BoveEr.?—Theoretical evaluation of the 
high pressures and temperatures of the detonation wave in 
solid explosives has been based on experimental values of 
the rates of detonation at various loading densities and an 
assumed form of the equation of state. The calculated 
temperatures vary with the loading density, and depend 
upon the particular assumptions made in the equation of 
state. An experimental method has been developed to 
determine detonation temperatures. The radiant energy 
emitted by the detonating explosive is readily detected for 
narrow spectral ranges by sensitive phototubes and the 
time record of the radiation is obtained by photographing 
the sweep trace of a cathode-ray oscilloscope with the 
phototube circuits connected to the vertical deflection 
plates. Preliminary results are given for the detonation 
temperatures of pentaerythritol tetranitrate powders at 
several loading densities which indicate a decrease in 
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detonation temperature with increasing loading density in 
agreement with predictions based on the Kistiakowsky- 
Wilson equation of state. 


1 This research is part of the work being done at the Bureau of Mines, 
supported by the Office of Naval Research. : : 

? Physicist, Explosives Research Section, Bureau of Mines, Pitts- 
burgh, Pa. 


H9. Radio Frequency Mass Spectrometer. WILLARD 
H. BENNETT, National Bureau of Standards.—Studies of 
the origins of negative ions are made difficult by the fact 
that dissociation cross sections for such ions are generally 
much larger than atomic and molecular ionization cross 
sections because the electron attachment energies for 
negative ions are generally small. To separate and identify 
negative ions, it is essential that the negative ions be 
required to travel a much shorter distance than the 
particles have to travel in the familiar kinds of mass 
spectrometers using magnetic resolution of beams. A 
six-electrode tube with cylindrical symmetry has been 
developed, in which an adjustable radio frequency is 
applied to the second grid. A mass resolution is obtained 
which is adequate for many kinds of negative ion studies. 
By extending the method to two stages in a nine-electrode 
tube, either with cylindrical or parallel plane electrodes, 
and applying the radio frequency to two of the grids, a 
higher order mass resolution is obtained which is generally 
usable in the mass spectrometry of positive ions, and in 
ionization studies as well as in the present negative ion 
investigations. 


H10. Ionization Efficiency Curves from Mass Spec- 
trometer Data. S. N. Foner, A. KOSSIAKOFF AND F. T. 
McCuure, Johns Hopkins Uniwersity—A_ theoretical 
treatment is developed which provides a method of 
eliminating the effect of the thermal spread of electrons on 


the appearance potential curves obtained with a mass 


spectrometer. Thus it is possible to derive the ionization 
efficiency curves from the appearance potential curves 
without a priori assumptions regarding the nature.of the 
former. The relationship between these curves is given by 
P(V)=1(V)—2kTI'(V)+#*T7I"(V), where P(V) is pro- 
portional to the ionization efficiency for electrons of energy 
V, I(V) is the ion current obtained with an accelerating 
voltage V, primes indicate differeritiation, and the other 
symbols have their usual significance. Other experimental 
influences affecting the observed appearance potential 
curves are discussed. The application of the methods is 
illustrated with experimental data on several of the rare 


gases. 


H1l. The Appearance Potential of Metastable Ions 
in Some Hydrocarbon Gases. R. E. Fox, A. LANGER, AND 
J. A. HrppLe,* Westinghouse Research Laboratories.—The 
study of hydrocarbon spectra in a mass spectrometer has 
shown several diffuse peaks which have been attributed to 
metastable ions. These ions presumably are in an excited 
state, and it has been shown that they spontaneously 
dissociate during transit through the mass spectrometer 
tube with a half-life of about 10~* seconds. A study of the 
appearance potential of some of these metastable peaks 


has been made in order to determine if any measurable 
excess energy is associated with the metastable condition. 
If no excess energy is involved, then the appearance 
potential of the metastable ion should agree with that of 
the parent ion in the dissociation process. The appearance 
potentials of peaks in the butanes, butenes and 1,3 buta- 
diene were measured and the results will be presented 
which indicate that in most of the cases studied an excess 
energy of about 2 ev above the ionization level is required 
for the metastable state. 


* Now located at National Bureau of Standards. 


H12. Metastable Transitions in Mass Spectra of Hydro- 
carbons. EVELYN G. BLoom, FRED L. MouLer, J. H. 
LENGEL AND C. E. Wisk, National Bureau of Standards.— 
Mass spectra of hydrocarbons show mass peaks of the 
parent ion and nearly all possible dissociation products 
and, in addition, small wide peaks at non-integral mass 
numbers which have been ascribed to ions which undergo 
dissociation after they have passed through the ion 
accelerating field. The apparent mass of these ions mg is 
given by the relation mz=m,*/m; where my is the final 
mass and m; the initial mass.! In a systematic survey of. 
56 saturated and unsaturated hydrocarbons, 362 meta- 
stable transitions have been identified.2 There are 32 
different transitions involving loss of masses 2, 15, 16, 26, 
27, 28, 29, 30, 42, and 44. Loss of mass 2 is by far the 
most common transition. The losses of masses 15 (CHs), 
29 (C2Hs), and 30 (C2Hs) come only from the parent 
molecule ions. 


1Hipple, Fox and Condon, Phys. Rev. 69, 347 (1946). 
2 American Petroleum Inst. Catalog of Mass Spectral Data. 


H13. Analysis of Solids by the Mass Spectrometer. 
W. M. Hickam, Westinghouse Research Laboratories 
(Introduced by R. C. Mason).—Solid samples of known 
weight introduced into the mass spectrometer tube are 
completely vaporized in a furnace. The resulting molecu- 
lar beam is subjected to electron bombardment where the 
observed ion current for a given mass to charge ratio is a 
measure of the evaporation rate for that particular element. 
The integral of the ion current with respect to time is found 
to be proportional to the amount of the element present. 
Applying this method to the investigation of impurities in 
copper, sensitivity of one part impurity per million parts 
copper has been obtained on Sb, Se, As, and Ag when using 
two milligram samples. The high vapor pressure of these 
elements as compared to copper at the furnace temper- 
ature provide rapid vaporization and the resulting high 
sensitivity. 


Theoretical and Experimental 
Nuclear Physics 


Il. Some Deuteron Variational Methods. WILLIAM 
Rarita, Brooklyn College and Massachusetts Institute of 
Technology.—We report some methods of calculating ac- 
curately the depths of different shape potentials of the 
deuteron for non-central forces. Starting with a square well 
we know the radial S and D wave functions u and w out- 
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side the well. Inside the range of interaction we assume a 
general expansion in terms of modes. These modes for u 
and w we take to be Bessel functions of order one-half and 
five-halves, respectively. The wave-lengths of these modes 
are determined by requiring the continuity of the logarith- 
mic derivative. By using the variational principle for one 
mode and then two such modes we get 0.95 and 0.99 of the 
full binding energy. With an exponential times a power 
of the interparticle distance as our modes, we decided to 
relax the joining condition so as to require only continuity 
at the potential edge. The results for the square well were 
gratifying. For a meson potential, as the convergence 
seemed slow, we resorted to an iteration procedure lately 
developed by Feshbach and Schwinger to improve our 
initial three mode solution. A promising start was also 
made on the triton problem in which the wave function 
was allowed to have a discontinuous second derivative 
over a certain boundary. 


12. Comparison of Recent Methods in the Theory of 
Nuclear Reactions. T. TEICHMANN, Princeton University. 
—A comparison has been made of the resonance formula 
recently derived by a simple method by Feshbach, Peaslee, 
and Weisskopf! and the more general results on the same 
subject obtained by Wigner and Eisenbud.? In the treat- 
ment of reference 1 all processes other than scattering are 
lumped together as ‘‘absorption” and characterized by a 
single complex parameter; this parameter, as well as the 
phases, etc., is assumed to be a smooth function of the 
energy. As a consequence of these assumptions the absorp- 
tion cross section goes to zero between each pair of reso- 
nances. According to the results of reference 2, this can 
only occur if the ratio of the partial widths corresponding 
to the emission of different y-quanta, etc., is the same for 
all resonances. Mathematically speaking, this is due to the 
fact that a two-alternative process, for instance, is charac- 
terized in general by three real parameters which are simple 
functions of the energy, while only two such functions are 
used in reference 1. While these particular consequences of 
reference 1 must be regarded as doubtful, the order of 
magnitude of the scattering cross section is correct, and 
that of the neutron width seems to be in reasonable agree- 
ment with experimental results, at any rate within a 
factor of 5. 


A eg Lng | and Weisskopf, Phys. og *, 147 (1947). 
P. Wi ys. Rev. 70, 606 (1946); E. P. Wigner and L. 
Riseubud, vise. Rev. ¥2, 29 (1947). 


I3. On Tensor Forces and the Variation-Iteration 
Method. H. FesHpacu, Massachusetts Institute of Tech- 
nology AND J. EISENSTEIN AND J. SCHWINGER, Harvard 
University—A complete exploration of the phenomeno- 
logical theory of the deuteron employing a non-central 
forces has been hampered by the absence of a satisfactory 
method for the calculation of force constants for shapes 
other than the square well. In the present paper, the varia- 
tion-iteration! method has been applied successfully to this 
problem. Given the shapes of the central and non-central 
forces, the well depths of each, Vo and 7Vo, respectively, 
are determined by the binding energy and quadrupole 
moment of the deuteron. A variational integral is con- 
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structed for Vo, y being kept constant. There is a complica- 
tion provided by the non-positive definiteness of the opera- 
tors. Nevertheless, one can determine upper and lower 
bounds for Vo. The meson well shape has been used; the 
central force has the range ro determined by proton- 
proton scattering. The range of the non-central force was 
varied from ro to 279. Vo was determined to one part in a 
thousand. Vo decreases rapidly increases correspondingly 
with decreasing range of the non-central force. The 
changes are much sharper than those in the corresponding 
square well case. Other well shapes are being investigated. 
1 J. Schwinger, Phys. Rev. 72, 742 (1947). 


I4. Exchange Currents in Nuclei. R. G. Sacus, Uni- 
versity of Wisconsin.—Recent measurements! of the mag- 
netic moment of He indicate? the existence of exchange 
currents in nuclei as suggested by Villars.* Villars success- 
fully considered the exchange moment produced by a 
charge-bearing meson field which is known not to give a 
good account of nuclear forces. An attempt is made to 
avoid this difficulty by considering the phenomenological 
exchange forces as a starting point. It is found that an 
exchange current must be introduced to establish the 
equation of continuity for the current and charge density 
produced by the protons. This exchange current is sub- 
stantially the same as that obtained by Siegert* on the 
assumption of a special type of charge-bearing field. Appli- 
cation to H* and He® indicates that the corresponding 
exchange moment is too small to account for the observed 
moments. This theory is expected to be somewhat more 
limited than a field theory since it takes no account of the 
detailed structure of nucleons. 


1H. L. Anderson and A. Novick, private communication. 
2 R. G. Sachs, Bull. Am. Phys. Soc. 22,.9 (1947). 

(1947; Villars, Phys. Rev. 72, 256 (1947), Helv. Physica Acta 20, 476 
4A. F. Siegert, Phys. Rev. 52, 787 (1937). 


I5. d—p and d—n Cross Sections. D. C. PEASLEE, 
Massachusetts Institute of Technology.—On the basis of a 
very simple model it is made plausible that the Oppen- 
heimer-Phillips or stripping process is responsible for 
practically the entire observed d—>p cross section at any 
bombarding energy Eg. This is indicated by agreement 
between the few available quantitative d—p excitation 
curves—for Na*, Co®®, Cu®, Br®!, and Bi?°—and com- 
puted curves, assuming that only the stripping process is 
effective. The observed decline of the excitation curves 
with increasing Eg at energies above the barrier height of 
the target nucleus is interpreted as the result of effective 
d—n competition in which the excited nucleus re-emits the 
neutron acquired in the d— p stripping process. Comparison 
of the observed cross section magnitudes with the calcu- 
lated values involves specifying as a nuclear parameter the 
average “sticking probability” ¢ of an elementary particle. 
It is expected that the d—m excitation curves are also 
predominantly due to the stripping process for incident 
energies Ez=10 Mev. Comparison of the d—p and d—n 
stripping processes indicates that the observed ratio 
Gap/can will exceed unity at all energies Ez comparable 
with or below the target Coulomb barrier and may ap- 
proach the limit oap/can—>in/tp~1 as Eg. 
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I6. Interference Effects in Angular Correlations. D. S. 
Linc* anp D. L. FaLkorr,** University of Michigan.— 
The selection rules for nuclear transitions allow the simul- 
taneous emission of radiation of different orders. Between 
such allowed radiations there exists the possibility of 
interference effects in the angular distribution and total 
intensity of the radiation. Most important is the simul- 
taneous emission of electric 2' and magnetic 2‘ pole 
radiation since their intensities can be of the same order. 
We find that for a single transition there is no interference 
either in the total radiation or in its angular distribution. 
However, in cascade transitions, interference effects can 
radically alter the angular correlation. For example, for 
y—v correlation with the first transition pure dipole and 
the second a mixture of electric quadrupole and magnetic 
dipole and with the angular momentum of successive 
states J+1, J, and J—1, the correlation is: 


28+3(J—-1)\J—S)A+84(J—1)a_ 
364+ (J—1)(55J+61)a*—28(J—-lla 


a? is essentially the ratio of quadrupole to dipole intensity. 
The terms involving a arise from interference. 





W(@)=1+ 


* Rackham Pre-Doctoral Fellow. 

** National Research Council Fellow. 

17. Preliminary Results of a He’ Neutrino Experiment.* 
James S. ALLEN, H. R. PANETH, AND A. H. Morris, 
University of Chicago.—An intense source of He® has been 
developed through the use of the Be® (, a) He® reaction. 
The source consists of one pound of beryllium powder in a 
metal can placed near the target of the University of 
Chicago cyclotron. The He‘ gas is swept out of the powder 
by alcohol vapor and carried through a pipe line to the re- 
coil chamber. The nuclear recoils resulting from the dis- 
integration of He® are detected by means of an electron 
multiplier tube and the 6-rays by an end-window Geiger 
counter. The energy spectrum of the recoils is studied by 
recording coincidences between the two detectors as a 
function of the retarding potential between a set of grids 
in the path of the recoils. The recoil spectrum observed for 
180° coincidences has a maximum energy of approxi- 
mately 1400 ev. The shape of the spectrum suggests that 
the angular correlation between the electron and neutrino 
follows a (1—8 cos @) law. An investigation of the effect 
of the geometry of the apparatus upon the shape of the 
spectrum is being made. 

* This research was supported by the Office of Naval Research. 


I8. Proposed Nuclear Reactions Involving Polarized 
Protons. LINCOLN WOLFENSTEIN, University of Chicago.— 
Calculations have been made on several proposed methods 
for producing and using polarized beams of protons. Meth- 
ods of production include (a) the (n, p) reactions of N™ 
and He’, using polarized thermal neutrons, and (b) the 
resonant scattering of protons from helium.! The method 
(b) will produce higher energies and intensities but is 

- possible only if a P resonance is actually involved. The 
percentage polarization depends on the ratio of the 
*P3/2—*P 1/2 splitting to the resonance width, a 45 percent 
polarization corresponding to a ratio as small as 0.1. 
The following reactions employing polarized protons were 
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considered: (1) Li’+p—~2He* and (2) proton-proton 
scattering. In general, the effect on a reaction of using 
protons (or neutrons) polarized perpendicular to their 
axis of incidence is to introduce a left-right asymmetry in 
the outgoing intensity. Thus, in case (1) the polarization 
introduces an appreciable term C sin @ cos @ sin ¢ in the 
angular distribution of the alpha-particles. For the proton- 
proton case, the polarization effect is very small, less than 
1 percent for energies up to 2.5 Mev. Finally, polarization 
is shown to persist in the slowing down of protons. 
1 Compare J. Schwinger, Phys. Rev. 69, 681 (1946). 


19. Nuclear Magnetic Moments and Meson Exchange. 
P. Morrison, Cornell University.—Villars' has emphasized 
the importance of the contribution to the magnetic mo- 
ments of nuclei made by the exchange of mesons between 
nucleons. Attempts to explain the observed magnetic 
moment of the triton by considering only the spin and 
orbital moments of the nucleons? require the use of wave 
functions with large admixtures of high orbital states. 
It seems probable that the difference between proton and 
triton magnetic moment includes an exchange contribu- 
tion. We ask how far the form of meson theory adopted 
affects the exchange magnetic moment for light nuclei. 
For nuclear states in which there is no orbital angular 
momentum, these statements hold for quite general forms 
of meson-nucleon coupling: (a) The exchange current 
contribution to the magnetic moment of deuteron and 
alpha particle is strictly zero, but is finite for the case of 
the nuclei of mass three, and (b) the sum of the magnetic 
moments of triton and He? is equal to the magnetic mo- 
ment of the deuteron. These conclusions follow from sym- 
metry arguments alone for any meson-nuclear coupling in 
which positive and negative tnesons are coupled to nucleons 
with equal strength. The sign and magnitude of the 
exchange effect in either H® or He® depends on the form of 
coupling, but the details of the wave function can affect 
even the sign of the result. Orbital motion will produce 
additional effects. 


1 F, Villars, Phys. Rev. 72, 256(L) (1947). 
2 R. G. Sachs, Bull. Am. Phys. Soc. 22, 9 (1947). 


110. Polarization Effects in Ionization Loss of Fast 
Particles.* FRANK L. HEREFORD, Bartol Research Founda- 
tion.— The effect of the polarization properties of a medium 
on the ionization energy loss of fast charged particles 
(suggested by W. F. G. Swann) -has been investigated 
theoretically by Fermi and recently by Halpern and Hall.! 
Whereas previously published curves predict an appre- 
ciable effect only at energies of about 20 moc? and higher, 
Halpern and Hall indicate that in the case of 1-Mev elec- 
trons traversing carbon, the reduction in loss caused by 
polarization is approximately 8 percent. By measuring 
the relative stopping powers of carbon and H,O with a 
double coincidence train of thin wall (0.035 g/cm*) 
counters, this reduction has been confirmed. The observed 
stopping power ratio, SH,o/Se, was 1.18+.02 compared 
with 1.16 (Halpern-Hall) and 1.08 (Bethe-Bloch). Scatter- 
ing difficulties were minimized by choosing equal thick- 
nesses (in radiation lengths) of carbon and H;O for com- 
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parison. This effects equal scattering? in the specimens 
without seriously altering the energy distribution of the 
particles suffering loss. It is this fortuitously favorable 
situation in the case of carbon and H20 which makes the 
experiment feasible. 


* Assisted by the Office of Naval Research. 
10. Halpern and H. Hall, Phys. Rev. 73, 477 (1948). 
2 B. Rossi and K. Greisen, Rev. Mod. Phys. 13, 264 (1941). 


I11. Variation of He?/He‘ Abundance Ratio in Natural 
Sources of Helium. L. T. ALDRICH AND ALFRED O. NIER, 
University of Minnesota.—As an extension of the mass spec- 
trometer work reported earlier,! an investigation of the 
He?/He!‘ ratio in helium obtained from radioactive ores, 
beryl crystals, and natural gas has been undertaken. No 
He? peak was observed in any of the five radioactive sam- 
ples studied and if He® exists in these, the He*/He‘ ratio 
is less than 0.3X 10-7. The He®/He‘ ratios in seven beryl 
samples varied from 0.5 to 10.5 10-7. Samples from four 
natural gas wells in the vicinity of Amarillo, Texas gave 
He*/He! ratios of 0.6, 1.4, 1.4, and 2.0X10-’, respectively. 
These values are to be compared with ratios of 1.4 and 
12.0X10-7 found for ‘commercially obtained well and 
atmospheric helium, respectively. The precision of measure- 
ment in all this work was such as to leave no doubt that 
significant differences in He® concentration exist. 


1L, T. Aldrich and A. O. Nier, Phys. Rev. 70, 983 (1946). 


112. Packing Fraction Measurements of the Heavy 
Elements. A. J. DEMPSTER, Argonne National Laboratory. 
—The resolving power of the double focusing mass spectro- 
graph previously used for comparing the masses of the 
isotopes of the heavy elements has been increased about 
ten times. The ions are produced by electron ionization 
of the vapor of the metal or volatile metallic compounds 
using 10900 volt electrons. Ions with high multiple charges 
are produced with sufficient intensity in this manner.* 
A new electrode arrangement for accelerating and focusing 
the ions has been adapted for use with 15,000-volt accel- 
erating potentials. The resolution obtained will be illus- 
trated by photographs of the mass spectra of zinc showing 
eZn**, Ot, NH2*, and CH," ions at mass 16, and ¢Zn*, 
OH?*, and NH;* ions at mass 17. From these comparisons 
mass values may be found for the zinc isotopes which give 
preliminary packing fractions of —7.68 X 10~ for Zn™ and 
—7.64X 10~ for Zn*, 

* A. E. Shaw, Phys. Rev. (in press). 


I13. Ranges in Air and Mass Identification of Plu- 
tonium Fission Fragments. S. Katcorr, J. A. MISKEL, 
AND C. W. STANLEY, Los Alamos.—Determinations were 
made of the mean and extrapolated ranges in air of plu- 
nium fission fragments for twenty individual masses 
between 83 and 157. Collimated fission fragments passing 
through air at 120 or 140-mm pressure were deposited, 
after being stopped by the air, on a series of 14 thin lacquer 
films. These were analyzed radiochemically for individual 
fission products. The corrected activities were plotted 
against distance traversed by the fragments, yielding 
differential range curves whose widths of half-maximum 
were 11,7+1.3 percent, independent of fragment mass. 
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The activities found beyond each distance were plotted 
against distance giving integral range curves. Mean and 
extrapolated ranges were derived from these. In the light 
group the extrapolated ranges decrease from 2.90 cm 
(15°C and 760 mm) for mass 83 to 2.25 cm for mass 117; 
in the heavy group they decrease from 2.25 cm for mass 
127 to 1.95 cm for mass 157. From the range-mass curve 
drawn for well-known masses, definite assignments of 
92, 93, and 132 were given to 3.5-hr. Y, 10-hr. Y, and 77-hr. 
Te, respectively. Highly probable assignments of 94 and 
134 were given to 20-min. Y and 54-min. I, respectively. 


114. Stopping of Fission Fragments. W. M. Goon, E. O. 
WOLLAN, AND W. A. StrauseR, Oak Ridge National 
Laboratory.—A study is being made of the range in air and 
other gases of the fission fragments which are responsible 
for the 4.5-sec., 22-sec., and 55-sec. delayed neutron 
activities. The apparatus consists of a special gas tight 
chamber (“rabbit”) which contains a fission foil, a col- 
lector button, a gas sealing button, and a filling valve. 
This rabbit is sent in and out of the Clinton pile in a 
pneumatic tube, and the catcher button is automatically 
removed from the assembly on exit from the pile and sent 
into a counter assembly where the delayed neutron activity 
is counted as a function of time after irradiation and of the 
gas pressure in the rabbit. The apparatus will be described 
in detail. To date results have been obtained on the range 
in air of the above-mentioned fission fragments from both 
U5 and U8, These results are listed in Table I. 


TABLE I, 








55 sec. 


3.19 +0.03 
3.16+0.03 


22 sec. 


2.33 40.02 
2.33 0.02 


4.5 sec. 





235 3.13 40.03 mg/cm air 
233 3.16+0.03 








Reactions of Transmutation 


Jl. The Ratio of Deuterium to Beryllium Photo- 
Disintegration Thresholds. BERNARD WALDMAN AND 
WALTER C. MILLER, University of Notre Dame.—We have 
measured the ratio of the deuterium to beryllium photo- 
disintegration thresholds. Electrons, accelerated in a pres- 
sure electrostatic generator, were used to produce x-rays 
in a thick gold target. The neutrons were detected with a 
boron trifluoride proportional counter, a fast pulse am- 
plifier, and a synchroscope. The electron energy was 
measured by a null type generating voltmeter. An off- 
balance voltage of one kilovolt could be detected. The ob- 
served ratio is 1.338+0.004. This measurement assumes 
the linearity of the generating voltmeter. Our ratio is 
consistent with the results quoted in Stephens summary.! 
No attempt has been made to calibrate the voltmeter on an 
absolute scale. This research was supported by the Office 
of Naval Research. 

1W. E. Stephens, Rev. Mod. Phys. 19, 19 (1947). 


J2. On the Angular Distribution of Protons from the 
Photo-Disintegration of the Deuteron.! W. M. Woop- 
WARD? AND I. HALPERN, Massachusetts Institute of Tech- 
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nology.—The new pressure electrostatic generator at 
M.I.T. is used as a source of y-rays (up to 3 Mev) to in- 
vestigate the photo-disintegration of the deuteron. The 
protons from the reaction are detected by means of three 
proportional counters, connected in coincidence and anti- 
coincidence, which are mounted on a radius through the 
deuteron target and can be rotated about it. The arrange- 
ment permits measuring simultaneously the range and 
direction of the disintegration protons. The deuteron target 
and the counters are housed in a single chamber and deu- 
terium gas serves both as the source of deuterons and as 
the counter gas. This eliminates any windows which would 
stop low energy protons and makes it possible to work 
down to within 200 kv of the threshold. The principal 
experimental difficulty was detecting the low energy pro- 
tons in the presence of the large y-ray background from 
the generator. The proper choice of counter design,- and 
of electron target for the production of y-rays, plus an 
optimum amount of lead, make this possible. Very pre- 
liminary results yield rough agreement with the theory of 
Bethe and Peierls at 2.6 and 2.75 Mev. 


1 Work assisted in part by Office of Naval Research. 
2 Now at Cornell University, Ithaca, New York. 


J3. Photoelectric Production of Protons in Nuclei. 
E. D. Courant, Cornell University —Recent experiments! 
show that the ratio of (vy, p) to (vy, m) cross sections in 
medium nuclei with 17-Mev 7-rays is considerably higher 
than is to be expected from the statistical theory.? This 
may be explained by noting that, instead of interacting 
with the nucleus as a whole and forming a compound 
nucleus, the y-ray may be absorbed by dipole interaction 
with a single proton, which is ejected immediately. The 
cross section for this process may be small compared to 
that for the formation of a compound nucleus, but large 
compared to that for the emission of a proton from the 
compound nucleus. The cross section has been estimated 
by regarding the nucleus as a Fermi gas and using the 
theory of the surface photoelectric effect in metals.’ It is 
found that this model yields (yp) cross sections of the 
right order of magnitude to account for the experiments. 
More accurate calculations are in progress. 

1 Hirzel and W4ffler, Helv. Phys. Acta 20, 373 (1947). 

? Weisskopf and Ewing, Phys. Rev. 57, 472 (1940). 

8 Mitchell, Proc. Roy. Soc. 146A, 442 (1934). 

J4. Angular Distributions of Neutrons from (d, n) 
Reactions. C. E. FALK, E. CREuTZ, AND F. SEITz, Carnegie 
Institute of Technology.—Using threshold detectors and 
15-Mev deuterons from the University of Pittsburgh cyclo- 
tron, angular distributions of neutron groups from about 
7 to 25 Mev from various targets have been observed. A 
large excess of neutrons is found in the forward direction 
of the incident deuteron beam. This observation is in 
general agreement with the work of Roberts and Abelson! 
who found large ratios of the neutron yields at 0° to those 
at 90°. The half-widths of our angular distributions as 
measured with threshold detectors can be roughly ex- 
plained in the case of a copper target by using a modified 
Boltzmann energy distribution of the nuclear particles 
in conjunction with the evaporation theory and allowing 
for the recoil of the compound nucleus. In the case of a 
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lithium target, however, the forward peaks of all energy 
groups observed seem to be too narrow (about 30° at half 
maximum) to be explained by a spherically symmetric 
neutron distribution in the center of mass system. 

1R. B. Roberts and P. H. Abelson, Phys. Rev. 72, 76 (1947). 


J5. Magnetic Analysis of Disintegration Products. W. 
W. BuEcHNER, R. J. VAN DE GraarFfF, E. N. Strait, C. G. 
STERGIOPOULOS, AND A. SPERDUTO, Massachusetts Insti- 
tute of Technology.—An annular magnet of the Cockcroft 
type! has been constructed and employed to investigate 
certain reactions produced by protons and deuterons from 
an electrostatic accelerator. The apparatus is used to 
study particles emitted at 90° to the incident beam. The 
region of uniform magnetic field is 70 cm in diameter and 
5 cm wide. The field strength is determined by a null 
method, natural alpha-particle groups being used for 
calibration. When the incident protons or deuterons are 
elastically scattered by thin gold foils, a sharp peak is 
obtained on the Eastman NTA plates used for detection, 
thus providing a precise measure of the voltage of the 
accelerator. Bombardment of thin targets of the light ele- 
ments yields sharp peaks of protons and alpha-particles, 
groups differing in energy by one percent being clearly re- 
solved. When somewhat thicker targets are used, the peaks 
broaden, the breadth affording a measure of the target 
thickness so that absolute thin-target cross sections may 
be obtained. This work was supported in part by the Office 
of Naval Research. 

1 Cockcroft, J. Sci. Inst. 10, 71 (1933). 


J6. Energy Relations in the Be°(d,a)Li’ Reaction. 
E. N. Strait, C. G. STERGIOPOULOS, A. SPERDUTO, AND 
W. W. BuEcHNER, Massachusetts Institute of Technology.— 
The analyzing magnet described in the preceding abstract 
has been used to study the alpha-particles from the 
Be*(d,a)Li? reaction. The energy of the incident deu- 
terons was adjusted to a value (1.5 Mev) such that the 
alpha-particles had an energy of about 5.2 Mev. This 
made it possible-to compare their deflection directly with 
that of the 5.30 Mev group from polonium. The two alpha- 
groups, corresponding to the formation of Li’ in the 
ground and an excited level appear on the same photo- 
graphic plate as the polonium group, making possible a 
(direct) measure of the energy difference between these 
two levels. This is found to be 490+10 kev, in good agree- 
ment with the results of Graves.! The protons from 
Be®(d,p)Be"® also appear on this plate. Measurements are 
in progress using the same procedure on the protons from 
Li§(d,p)Li’. This work was supported in part by the - 
Office of Naval Research. 

1E. R. Graves, Phys. Rev. 57, 855 (1940). 


J7. Energy and Angle Variation of Li‘(d,a)a. N. P. 
HEYDENBURG, C. M. Hupson,* D. R. INGLIs, t AND W. D. 
WHITEHEAD, JR., Department of Terrestrial Magnetism.— 
The yield curve of the reaction Li®(d,a)a is observed to 
have a sharp maximum at 3 Mev, followed by a broad 
minimum before rising rapidly between 3 and 3.5 Mev, the 
highest bombarding energy employed. The angular distri- 
bution may be expressed in the form 1+A cos? 0+B cos? @. 
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The coefficient A rises from a low value at ? Mev toa 
maximum slightly above unity at 2 Mev, then drops to 
2 at 3 Mev. The cos‘ term is absent up to 1.5 Mev and 
makes a small positive contribution at higher bombarding 
energies. 


* Office of the Chief of Ordnance, War Department. 
t+ Johns Hopkins University. 


J8. Theory of the Lithium-Two-Alpha Reactions. D. R. 
INGLIS, The Johns Hopkins University.—Recent measure- 
ments! of the angular distribution of the reaction Li?(p,a)a 
show that the intensity varies with angle as 1+A cos? @ 
+B cos‘ @. The odd parity of Li? and the even alphas per- 
mit only odd protons. The earlier treatment? of entering 
p-waves which accounts for the term in cos* @ is extended 
to include entering f-waves and yields a formula for B 
containing the same resonance denominator as does A. 
A fit with experiment is obtained with certain matrix 
elements treated as arbitrary parameters. The p-wave 
entering at low energies permits assymmetry, but a node 
in the numerator of A due to fortuitous properties of the 
compound states ‘brings about symmetry at the lowest 
energy observed. In the reaction Li*(d,a)a the asymmetry 
disappears at low energy in a more natural way, because of 
the relative impenetrability of the barrier of the even Li® 
nucleus for d as compared with s waves. For a similar 
reason in cos‘ @ enters with a higher power of the relative 
penetrability in the Li*® reaction than it does in the Li’ re- 
action (and it is, indeed, observed* to be much less promi- 
nent in the former). 
uae Hudson, Inglis, and Whitehead, Phys. Rev. 73, 216 


2 Critchfield and Teller, Phys. Rev. 65, 10 (1941). 
8 Preceding abstract. 


J9. Deuteron Bombardment of Boron and Fluorine.* 
E. L. HuDSPETH AND C. P. SwANn, Bartol Research Founda- 
tion—The yield of gamma-rays from boron and from 
fluorine has been observed as a function of the energy of 
the bombarding deuterons. The deuteron energy was 
varied from about 300 to 1200 kev. The yield of gamma- 
rays from each element rises smoothly, with no indication 
of any pronounced resonances which cannot be ascribed 
to carbon contamination. A more thorough investigation 
is proceeding. The yield of protons from the bombardment 
by deuterons of a MnF; target has also been measured. 
The beta-ray activity induced in the target through the 
formation of F®° was observed, and this activity is pro- 
portional to the proton yield. It was found that the cross 
section for the reaction at 1.3 Mev is (1.20.6) 10-6 
cm?; this value was obtained by using a target of about 20- 
kilovolt thickness. The cross section is about one-third of 
this value at 900 kilovolts and approximately three times 
this value at 1.6 Mev. These data are also being extended. 


* Assisted by the Office of Naval Research. 


J10. Resonances in the Disintegration of Carbon by 
Deuterons.* T. W. Bonner, J. E. Evans, J. C. HArRRIs, 
AND G. C. Puiturps, Rice Institute——Observations were 
made on the number of neutrons, gamma-rays, and radio- 
active N atoms formed when carbon is bombarded by 
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fast deuterons. The deuterons were detected by recoil 
protons in a proportional counter. Neutrons were counted 
which proceeded in the same direction as the deuterons, 
Resonances at 870 and 1270 kev were obtained in the 
yield of gamma-radiation, neutrons, and radioactive N®. 
A pronounced resonance at 1120 kev was observed for 
gamma-radiation and radioactive N™, but there was only 
a slight indication of this resonance for neutrons in the 
forward direction. Since the yield of N" is a measure of the 
total number of neutrons, this shows that the intensity of 
neutrons is asymmetrical. Experiments show that: the 
resonance for gamma-radiation at 1417 kev is slightly 
assymetrical and its half-width is 7 less than kev. Studies 
were made on the yield of neutrons in the forward direction 
in the neighborhood of 1417 kev, but no evidence was found 
for a resonance. 


* This work was supported by the Office of Naval Research. 


Fluid Dynamics and Ultrasonics 


K1. Effect of Length of Capillary on Capillary Rise of 
Polar Liquids. GEoRGE ANTONOFF, Fordham University.— 
Capillary rise is sometimes affected by the length of capil- 
lary above meniscus in it. For example, in an aqueous 
layer benzene-water capillary rise increases with the length 
of the tube until a kind of saturation is reached. The true 
value is obtained from the author’s law, 


Tar vi Fs 


where 712 is the interfacial tension, 7; is the S. T. (Surface 
Tension) of the benzene layer, and 72 is S. T. of aqueous 
layer, where the difficulty arises. Its value can be calcu- 
lated as follows: 


Y2>= Y1— Y12- 


The capillary rise with no or little tube above gives lower 
values. Above a certain length it gives higher values. Thus, 
other than Laplacean forces operate, and their range is 
measured in cm. Glass below the meniscus pulls downwards. 
That above pulls upwards. The value of S. T. is in between 
and cannot be computed from capillary rise. These effects 
are connected with the polar character of substances used. 


K2. Intensity as a Factor in Precision Measurements in 
Ultrasonics. J. A. FITZPATRICK, THOMAS KANKOVSKY, AND 
Witu1aAM J. THALER, Catholic University of America,* 
(Introduced by J. C. Hubbard).—E. Schreuer! has shown 
that exact measurements of ultrasonic velocity in liquids 
by means of the Hiedemann method of visibility have a 
dependence upon intensity which is attributed to a de- 
velopment of a temperature gradient in the sound wave. 
This implies the necessity of stating the intensity in con- 
nection with a measurement of velocity by this method. 
Work in progress by optical and electromechanical meth- 
ods, particularly by ultrasonic, imterferometry, shows that 
intensities necessary for the latter are much less and that 
velocity measurements of high precision, both in liquids 
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and gases, may be made with the ultrasonic interferometer 
at intensities far below any which can affect the precision 
of the result. 


* Supported by the Office of Naval Research. 

1 E. Schreuer, Akustische Zeits. 4, 215 (1939). 

K3. Ultrasonic Velocity in Liquid Halides. ALFRED 
WEISSLER, Naval Research Laboratory.—In order to in- 
vestigate further the relation between molecular structure 
and the velocity of sound in liquids, measurements of 
sound velocity in ten liquid halides at 30° were made with 
a 3-Mc ultrasonic interferometer. Included were the tetra- 
chlorides of carbon, silicon, titanium, germanium, and 
tin, which are of interest because their molecules may be 
considered as approximately spherical. The velocities ob- 
served range from about 750 to 1000 meters/second. 
Neither the velocity nor the adiabatic compressibility 
varies monotonically with the atomic number of the cen- 
tral atom. However, the computed ratio of specific heats 
is practically constant for all five tetrachlorides, as ex- 
pected from their similar structures and degrees of free- 
dom. The other halides studied were those of the phos- 
phorus-arsenic family. Of the ten liquids, silicon tetra- 
chloride has the highest adiabatic compressibility, in 
agreement with its known low internal pressure. 


K4. Supersonic Absorption in Resonant Liquid Column 
with a Free Face. JosepH L. HUNTER, John Carroll Uni- 
versity—When standing waves of sound occur in liquid 
columns, nodal (excess) pressures of: zero indicate perfect 
reflection and zero attenuation in the liquid. Departures 
from this condition are a function of attenuation and 
reflection constants. Experimentally, a measurement of 
nodal pressure may be made by loading a piezoelectric 
crystal with a liquid column and driving it at its response 
frequency. The crystal serves the dual purpose of sonic 
generator and pressure-measuring device. This method 
was used by Hubbard for measuring absorption in gases 
and by Fox and Hunter in liquids. It has been found that 
great simplification occurs if (1) only critical column lengths 
are considered (2) a free boundary is used as the reflecting 
face. It may be shown that the effect of the loaded crystal 
on the electrical circuit is approximately that of a pure 
resistance connected between the leads to the crystal, and 
the magnitude of absorption of supersonic waves in the 
liquid may be readily evaluated when the magnitude of this 
equivalent resistance is known. Measurements in high 
viscosity liquids have given absorption values close to 
those predicted from viscosity considerations. 


KS. Concentration of Ultrasonic Beams by Curved 
Reflectors. F. E. Fox anp V. GriFFING, Catholic Uni- 
versity of America.—For the study of cavitation in liquids 
it is necessary to produce high intensity sound waves within 
the liquid, while avoiding cavitation at the sound source. 
With ultrasonic waves, a concave reflector can be used for 
this purpose. Elementary considerations indicate that 
70--80 percent of the power in a plane sound wave beam of 
diameter D can be concentrated into a beam of diameter 
d—=)fD~ in the focal region of a concave spherical reflector 
of focal length f, where the wave-length is \. Using focal 
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lengths 3-4 cm and sound in water with frequencies of 
2-4 Mc, a gain (i.e., ratio of intensity in the focal region 
to that in the plane wave) of 30-60 might be expected. 
Experiments indicate that gains of this order of magnitude 
can be obtained. A horizontal beam of moderate intensity 
strikes the concave reflector which is so tilted that the 
reflected beam is approximately vertical. With the water 
surface 2f above the reflector, the radiation pressure of the 
beam striking the surface raises a mound of water about a 
millimeter high with an area about that of the sound source. 
As the water level is lowered, the area of the mound de- 
creases and the height increases. When the surface ap- 
proaches the focal region, the water is lifted out of the 
surface and thrown in a thin stream in an arc 10 to 15 
cm high. At a critical level the water is ejected as a fine 
spray. Clouds are formed in which the droplets have radii 
smaller than 107% cm. 


K6. Rigorous Expansions of the Acoustic Radiation 
Field of a Vibrating Piston in a Baffle.* PauL M. Marcus, 
Massachusetts Institute of Technology.—Several new ex- 
pansions of the field of a vibrating piston in a baffle have 
been found which are useful for calculations at large values 
of ka (k=2zx/wave-length, a=radius of piston). These 
supplement the Backhaus-Stenzel expansions in spherical 
wave functions which converge well for ka < 10. New, use- 
ful recurrence relations and formulas are obtained for the 
Backhaus coefficients. An expansion in powers of 1/kR 
converges well at any ka for large enough kR. The first 
term is the familiar asymptotic form of the field 


[Ji(ka sin 0)/ka sin 0)][exp [tkR]/RR]. 


The derivation, based on the King integral,, also gives the 
expansion in powers of 1/kR of any wave function ex- 
pressible as a Sommerfeld-type integral. Rearrangement 
gives a series whose first term is Lommel’s formula for 
Fresnel diffraction through a circular hole. Several expan- 
sions are based on Schoch’s formula for the field as a cylin- 
drical beam of sqund (geometrical optics limit) plus a line 
integral diffraction correction which is small for large ka. 


* This work has been papper 4 in part by the ee Corps, the Air 
Materiel Command, and O.N.R. 


K7. A Method for the Instantaneous Measurement of 
Velocity and Temperature in High Speed Air Flow. 
Douc.Las MArRLow, C. R. NISEWANGER, AND W. M. Capy, 
Inyokern.—Some preliminary experiments have been con- 
ducted to determine the feasibility of direcly measuring 
shock wave temperatures and particle velocities by means _ 
of a train of ultrasonic waves projected across the shock 
tube of a spark shadowgraph, normal to the direction of 
propagation of the shock front. The spark shadowgraph 
is an instrument which consists of a tube along which 
shock waves are propagated and which has a transparent 
section through which the shock may be photographed by 
means of the light from a synchronized high intensity spark 
discharge lasting about one microsecond. The wave train 
is generated by a 344-kc x cut quartz crystal mounted with 
its top surface fiush with the bottom surface of the shock 
tube. The top surface of the latter is covered with felt to 

















absorb the beam and prevent a standing wave pattern. 
Various forms of distortion of the ultrasonic wave fronts 
during and after the passage of the shock may be observed, 
from which the temperature and particle velocity may be 
deduced. For example, those waves which have left the 
crystal before the arrival of the shock are tilted and blown 
downstream as a group, those which are emitted during the 
passage of the shock over the crystal are displaced pro- 
gressively farther downstream (as one proceeds away from 
the crystal surface) and bent, while those which are emitted 
after the passage of the shock remain straight and parallel 
to the crystal but are staggered echelon fashion as in the 
previous case. From measurements of the various angles 
and displacements involved one can find the temperature 
and streaming velocity. 


K8. A Supersonic, Intermittent, Movable Wind Tunnel 
for Optical Studies.* R. LADENBURG, C. C. VAN VoorgaIs, 
AND J. WINCKLER, Palmer Physical Laboratory.—A novel 
kind of supersonic wind tunnel will be described, which 
runs for times between a few tenths of a second and four 
seconds. It is used for shadow, schlieren, and interfero- 
metric studies. A pressure tank of 250 cubic feet, filled 
through a compressor line with dry air up to 150 lb./in.?, 
discharges through a pressure-operated gate valve into a 
Laval nozzle, a diffuser, and a second tank connected to a 
high speed vacuum pump. The Reynolds number in the 
working section (cross section 3X 3’’) can be varied in the 
ratio 100:1. The Mach number of the present nozzle is 2.3, 
but much higher Mach numbers will be used also. The 
light source is a magnesium spark of about 0.2 microsecond 
duration which, with suitable interference filters, gives at 
least 50 interference fringes in the blue. The flow around 
two-dimensional and axially symmetric models and the 
density, temperature, and velocity profiles in supersonic 
boundary layers are to be studied by schlieren photography 
and by interferometry, using a Mach interferometer with 
5” glass plates. This instrument is shock free, supported in 
a fixed position, but the pressure tank with attached nozzle 
can be rolled back and forth on tracks so that the various 

parts of the nozzle may be investigated optically. 


* This work is carried out under contract with the Office of Naval 
Research. 


K9. Interferometric Analysis of Two-Dimensional Su- 
personic Flow Through Small Channels.* D. BERSHADER 
AND R. LADENBURG, Princeton University.—The study by 
interferometry of the expansion of air from a pressure tank 
into the atmosphere through a channel of rectangular cross 
section has been made possible by using plane parallel glass 
plates for a pair of opposite walls of the channel. Two such 
channels were used, each about one centimeter in width and 
two centimeters in depth, one being a divergent channel 
(half-angle = 4.0°), and the other a Laval nozzle for M=1.7. 
Results obtained for the potential flow give good agreement 
with theory as well as with independent measurements of 
Mach angles on schlieren pictures and shadowgrams. 
Detailed density measurements have also been made on the 
turbulent boundary layers along the walls. From these 
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measurements it has been possible to calculate, on the 
basis of certain assumptions, boundary layer profiles of 
temperature and velocity. 


* This work was done under a contract with the Office of Naval 
Research. 


K10. A Pneumatic Flow Type Pressure Controller. 
W. A. WitpHack, National Bureau of Standards.—The 
constancy of flow through a nozzle for which the down- 
stream pressure is less than 0.528 of the upstream pressure 
is used to obtain a variable, accurately controlled, reduced 
pressure independent of variations of the suction source. 
A small flow of air is drawn through a variable restriction 
in series with a nozzle, by a suction pump. The pressure in 
the line between the variable restriction and the nozzle 
depends only on the adjustment of the restriction and is 
independent of variations of suctions downstream of the 
nozzle, as long as they are less than 0.528 of the controlled 
pressure. The device requires a flow of only 1 I.p.m. and 
can be used as a pilot to operate large valves controlling 
the pressures in large chambers. 


K11. A Linear-Resistance Flowmeter. A. S. IBERALL 
AND W. A. WiLpHaAck, National Bureau of Standards.— 
A linear-resistance flowmeter has been developed for 
general laboratory and instrument applications. It consists 
of a porous plug of fibrous material, usually glass, with a 
pressure-measuring device to indicate the pressure drop 
across the plug, which is proportional to the flow. Since the 
flow is essentially laminar, the resistance occurs only 
because of the viscosity of the fluid metered, and it is 
independent of the density, except for corrections necessi- 
tated by molecular effusion at lower pressures. Thus, this 
type of flowmeter is useful in indicating the volume, or 
ambient, flow at various pressures. The correction for the 
effect of temperature on the viscosity of air, for example, 
is 0.3 per cent per °C. Performance equations based on 
hydrodynamic drag are found to be more valid for high 
porosity packs of fibrous materials than those based on the 
hydraulic radius concept. Formulas and charts are pre- 
sented to permit design for maximum flows of 10 to 10° 
l.p.m., with pressure differences of 10-? to 10? cm of water 
at full scale. 





K12. A Hydrodynamic Problem: The Flapping Wave- 
maker. E. H. KENNARD, David Taylor Model Basin.— 
Waves of definite frequency can be generated by a boun- 
dary executing small displacements from a vertical plane 
P. The mathematical problem thus presented is interesting 
because the moving boundary extends in the direction of 
the subsidiary vertical space variable, whereas propaga- 
tion occurs horizontally. In the absence of gravity, the 
motion of the water can be represented by a sheet of 
sources on P, reflected in the plane S of the free surface to 
preserve the boundary condition there. The water raised 
above S by this motion during each successive element of 
time can be treated as an “initial elevation” and repre- 
sented in the usual way as a Fourier integral of harmonic 
oscillations, with reflection in P to preserve the boundary 
condition there. After a start from rest, the whole motion 
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ultimately becomes periodic. If the horizontal displacement 
of the boundary at a depth y below the free surface is 
t=£of(y) sin wt, the amplitude of the waves of wave- 
length \ generated at a distance in deep water is (4ro/d) 
x Soret f(y)dy. The solution is easily modified for 
shallow water. 


K13. Application of the Image Converter Tube as 
Electronic Stroboscope.* GEORGE H. MARKSTEIN, Cornell 
Aeronautical Laboratory.—In the course of work on period- 
ical flow disturbances in flames it appeared desirable to 
observe the infra-red radiation of the flame gases strobo- 
scopically. It was found that the infra-red image converter 
tube! 1P25 could be operated as a stroboscope by applying 
rectangular voltage pulses to one or several of the elec- 
trodes in such a way that the image was blanked except 
for a short part of the cycle, Apart from allowing strobo- 
scopic observation in the infra-red, the device offers ad- 
vantages over mechanical stroboscopes, owing to the 
absence of inertia, which enables synchronization even 
with phenomena which are not strictly periodical; the 
frequency range of operation appears to be limited only by 
the time constants of the associated circuits. Applications 
of the device to combustion studies will be shown. 


* Work supported by the Bureau of Aeronautics and the Office of 


Naval Research. 
1G. A. Morton and L. E. Flory, R.C.A. Rev. 7, 385 (1946). 


K14. On the Calculation of Steady Diabatic Flows. 
B. L. Hicks, Ballistic Research Laboratories.—The direct 
problem amounts to determination of a flow pattern for 
given boundary conditions and distribution of heat sources 
gq. Experience with almost uniform flows* and with flows 
derivable from a potential function!” (V=N(g(N)RT)}, 
N =Vew) suggests that the inverse problem may be more 
generally tractable. In the direct problem g need not be 
restricted. In the inverse problem, the Crocco vector 
W =ui+1j must satisfy an integrability condition'* which, 
for uniplanar flow in the incompressible approximation, be- 
comes 2(vz—uy)(ue+vy)+0(Use— Uyy) + (Ve2—Myy)u=0. An 
experimentally realized low speed flow W(x, y) can only 
fail to satisfy this equation where transient, viscous, or 
mixing phenomena are appreciable, if the specific heat of 
the fluid is constant. A new formulation of diabatic flow 
theory can then be based on (i) specification of u(x, y) in 
an appropriate region; (ii) specification of v, v2 and vy, on 
appropriate (partial) boundaries of this region; (iii) solu- 
tion of the hyperbolic equation for v; and (iv) computation 
of the g(x,y) necessary to effect this flow. Radial and 
vortex flows can be calculated completely and will be used 
to illustrate some of these remarks. 


1B. L. Hicks, (a) Phys. Rev. 73, (1948); (b) B.R.L. Rep. No. 633, 
May 1947; (c) Quar. App. Math. Jul. (1948). 


K15. Relativistic Rankine-Hugoniot Equations. A. H. 
Taus, University of Illinois—In Part I of this paper the 
stress energy tensor and the mean velocity vector of a 
simple gas are expressed in termsof the Maxwell-Boltzmann 
distribution function. The rest density p®, pressure, p, and 
internal energy per unit rest mass e are defined in terms 
of invariants formed from these tensor quantities. It is 
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shown that e cannot be an arbitrary function of p and 
p® but must satisfy a certain inequality. Thus e=(1/y—1) 
Xp/p® for y>5/3 is impossible. It is known that if ¢ is 
given by this relation and y >2, then sound velocity in the 
medium may be greater than that of light in vacuum. This 
difficulty is now removed by the inequality mentioned 
above. In Part II of this paper the relativistic form of the 
Rankine-Hugoniot equations are derived and it is shown 
that, as a consequence of the inequality mentioned earlier, 
the shock wave velocity is always less than that of light 
in vacuum. 


Diverse Topics 


Ll. REAC: Direct Current Analog Computer.* H. 
BELock, E. BROMBERG, S. FIFER, U. MANFREDI, R. 
McCoy, AND H. ZaGor, Reeves Instrument Corporation.— 
REAC (Reeves Electronic Analog Computer) is an elec- 
tronic analog computer employing direct current com- 
puting elements and servos for the solution of initial 
valued non-linear total differential equations. The basic 
component of the REAC is a direct current amplifier, and 
each standard REAC has a total of 20 direct current 
amplifiers consisting of seven integrating amplifiers, seven 
inverting amplifiers, and six summing amplifiers. The 
servos make it possible to carry out multiplications of 
variable quantities, to perform resolution of vectors, and 
to introduce arbitrary non-linear functions. Thus each 
standard REAC can solve differential equations up to the 
seventh order. However, several REACs can be connected 
together to increase the capacity of the equipment where 
higher order problems are involved. Solutions are recorded 
on a six-channel recorder providing graphical presentation 
of the effect of changing one or all of the parameters of the 
problem being solved. Insertion of problems on REAC is 
carried out by plugging of telephone cords to bays on the 
front of the cabinet so as to connect the input and output 
circuits of each amplifier in any desired manner. In order 
to permit continuously adjustable coefficients, 24 micropots 
with micrometer dials are provided. The over-all accuracy 
of REAC is limited by the resistors, capacitors, and drift 
in the power supplies. A REAC prototype has been in 
operation for over a year on Navy problems. Solutions of 
some differential equations will be shown. 

* Developed under Contract, Office of Naval Research. 


L2. High Speed X-Ray Motion Pictures.* C. M. 
Svack, L. F. Enrke, C. ZAVALES, D. Dickson, AND R. G. 
YounG, Westinghouse Lamp Division.—A system has been 
developed capable of making up to 150 radiographs in one 
second. A special hot cathode tube is energized by a pulse 
transformer circuit to give x-ray pulses of 10 microseconds 
duration. An alternate excitation method is a choke 
charging voltage doubling circuit using a trigger tube. The 
short exposure time permits the use of continuously moving 
film without blur in the radiographs. Either the indirect 
method of photographing a fluorescent screen on motion 
picture film in a camera such as the General Radio oscillo- 
scope camera, or the direct method using specially cut 
strip film passing over a revolving fluorescent drum may 
be used. In the latter case, the radiographs may be studied 
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individually or may be photographed on motion picture 
film for projection as a movie. The system has been 
developed primarily for studying the burning of rocket 
propellants but should find wide application in medical 


and industrial fields. 
* Supported by Bureau of Ordnance, Navy Department. 


L3. A Small Generating Voltmeter and Generating 
Electrometer.* S. E. REYNOLDS AND E. J: WorKMAN, 
New Mexico School of Mines.—The authors describe a 
small, combination generating voltmeter and generating 
electrometer which is adaptable to many laboratory uses. 
Principles previously used by Workman and Holzer! have 
been employed in the construction of an instrument, one 
and one-half inches in diameter and five inches long. This 
unit contains a six-volt motor (1/10 watt), a rotating 
sector, and a subminiature vacuum tube, the grid of which 
is actuated by contact to the rotating sector. When the 
rotating sector is alternately exposed and covered in an 
electric field, the grid control circuit has a sensitivity of 
approximately 1/20 volt per volt per centimeter of field. 
The normal plate current is approximately 4 milliampere 
and may be ink-recorded directly. In another application, 
an insulated quadrant electrode is presented in close 
proximity’ to the rotating sector in which case the in- 
strument becomes an indicating or recording electrostatic 
voltmeter or electrometer. In this case the grid control 
voltage may be of the order of one volt per volt on the 
electrode. Power consumption on the complete unit in- 
cluding amplifier is less than 2/10 watts. Applications of 


these instruments are discussed. 
* The research described in this abstract was supported in part by the 


War Department Signal Corps. 

1E, J. Workman and R. E. Holzer, ‘“‘Recording generating voltmeter 
for lightning studies,” Phys. Rev. 55, 606(A) (1939). 

L4. A Wide Range Field Control System for a Magnetic 
Spectrograph.* E. P. TomLinson, Princeton University.— 
A 20-cm radius of curvature double-focusing magnetic 
spectrograph of the type developed by Svartholm and 
Siegbahn! is being built. For this instrument a control 
system has been constructed by which the field of a large 
electromagnet may ‘be set and held to better than 0.1 
percent at any desired value between some 10 and 2000 
gauss. The basic element of the system is a monitoring coil 
rotated in the field at 1800 r.p.m. by a synchronous motor. 
The resulting 30-cycle voltage, taken from the coil through 
slip rings, is compared in a potentiometer circuit with a 
fixed 30-cycle reference voltage. This reference voltage is 
generated by a permanent magnet rotating, on the same 
shaft with the monitor coil, inside a fixed coil. Electronic 
circuits then control the current of the electromagnet so 
that essentially a null output is maintained from the 
potentiometer. The final stage of the current control 
circuit consists of six 6AS7 tubes in parallel, giving a 
maximum of 1.5 amperes. Four shunts, in addition to the 
tubes, give the necessary total current range of 0 to 5 


amperes. 


* This work was su 
1N. Svartholm an 
No. 21 (1946). 


LS. Extremals of Impedance Elements in Wave Guide 
Equivalent Circuits.* RoBERT M. WHITMER, Rensselaer 


rted in part by Navy contract. . 
. Siegbahn, Arkiv. f. Mat., Ast. och Fysik 33, 
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Polytechnic Institute—Dr. J. S. Schwinger, in unpublished 
M.I.T. Radiation Laboratory work, has shown that by 
basing the analysis alternatively on the transverse electric 
and transverse magnetic fields, one may obtain upper and 
lower limits to the values of diagonal impedance elements. 
In the present work it is shown that, at least in some 
cases, the same procedure also gives limiting values of the 
squares of the errors in the off-diagonal elements. Unlike 
the case for the diagonal terms, the signs can be obtained 
only by numerical calculation. 


* This work was done during the war, in the M.I.T. Radiation 
Laboratory. 


L6. Dipole, Quadrupole, and Octupole Field and Search 
Coils Using Loops and Solenoids. M. W. Garrett, 
Swarthmore College-—Symmetrical systems of coaxial 
circular loops designed for nearly uniform central magnetic 
field (Helmholtz, Maxwell, and McKeehan) produce ideal 
dipole fields at remote points, to the same approximation. 
As search coils measuring flux density, they respond only 
to the axial component of central field. Systems designed 
for uniform central gradient produce remote quadrupole 
fields, and measure as search coils the central gradient. 
Octupole and higher order remote fields correspond to 
systems producing second- and higher order central fields. 
Again, flux changes through these various systems measure 
dipole, quadrupole, or octupole moments of magnets or 
coils suddenly removed from the central region, while 
mutual inductance formulas for two such systems assume 
a primitive form. Systems of coaxial solenoids exhibit 
slightly modified properties. New types and individual 
solutions are proposed. For example, when all coils lie on 
a single sphere, application of recurrence formulas for 
Legendre polynomials permits ‘calculation of new systems 
and correlation of known ones. New types employ coaxial 
solenoids or loops in odd or even number, include dipole 
quadrupole and octupole systems, may eliminate seven or 
more terms from the series expansion, and probably have 
analogues of cylindrical geometry. Solenoid forms are 
related to Brown’s fluxball. Lyle’s principle minimizes 
errors of finite cross section. 


L7. The Diffraction Pattern of Electromagnetic Waves 
in the Planes of Apertures. C. L. ANDREWws, General 
Electric Company.—Measurements were made of the 
intensities of diffraction patterns in the planes of rectangu- 
lar and circular apertures and in the planes of equivalent 
hoops and rods. Whether the apertures were in perfectly 
reflecting screens or in perfectly absorbing screens, the 
sharpest diffraction patterns were always in the planes of 
the apertures themselves. The use of equivalent hoops 
and rods leads to the alternate explanation of diffraction 
as a combination of a geometrically propagated wave with 
wavelets from the edges of the apertures. This treatment 
of diffraction as an edge effect provides the simplest means 
of explaining the diffraction pattern in the plane of the 
screen as well as behind and in front of the screen. 


L8. Electrical Activity as Related to Thunderstorm Cell 
Growth. E. J. WorKMAN AND S. E. REYNOLDs,* New 
Mexico School of Mines.—The internal structure of a series 
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of thunderstorms, which occurred near Albuquerque, New 
Mexico, during the summer of 1947, was observed by 3-cm 
radar. The initial appearance, subsequent growth of the 
radar echo-producing centers, and the time sequences 
involved in their development were related to the electrical 
activity of the storm as indicated by potential gradient 
change recorders. Data on twelve storm cell studies fit 
into a consistent pattern. The top of the earliest radar 
return occurred at about the 22,000 foot level (—10°C 
isotherm). The subsequent upward growth of the radar 
return was at the average rate of 850 feet per minute with 
a range of 450 to 1600 feet per minute. After reaching a 
height of approximately 31,000 feet (—28°C isotherm) 
the top of the radar return descended at a rate approxi- 
mately equal to the rate of ascent. The initiation of 
electrical activity was nearly synchronous with the maxi- 


mum height of the return producing area. The electrical _ 


activity increased with the descent of the top of the radar 
picture. In general, the electrical activity ceased when the 
top of the cell had lowered to approximately 24,000 feet 
or to about the —13°C isotherm. 

* Supported by War Department Signal Corps. 


L9. The Source of the Solar Magnetic Field. James W. 
FOLLIN, JR., Institute for Advanced Study and Princeton 
University — Recent work of Elsasser! has shown that the 
fluid motion strongly couples the various magnetic modes 
of a conducting sphere. The reverse coupling, required to 
form a regenerative system, is not as simple. It is proposed 
that this coupling results from the Hall effect. The re- 
sultant differential equations are non-linear and have 
non-zero equilibrium solutions, at least one of which is 
stable. In particular there is an axially symmetric solution 
which is stable against symmetric perturbation, but its 
stability against tilting of the dipole axis has not been 
determined. The sign of the field is determined indirectly 
from the current carriers (electrons) and appears to have 
the right magnitude and direction. The energy required 
to maintain the current distribution generating the field is 
derived from the variation of angular velocity with radius 
and latitude. Schwarzschild? has shown recently that this 
velocity distribution is a result of the additional energy 
flow caused by the effect of centrifugal force on density. 
Hence, this mechanism may be adequate to explain the 
solar magnetic field. 


Pi pe Elsasser, Phys. Rev. 69, 106 (1946); 70, 202 (1946); and 72, 
2 Schwarzschild, Astrophys. J. 106, 427 (1947). 


L10. Cathode Spark Velocities in CuSO, Solutions. 
Hua F. Henry, University of Georgia.—The velocity of 
the cathode spark produced in CuSQ, solutions under 
application of impulsive potentials of 25 kv and 30 kv has 
been investigated for interelectrode gaps of 10 mm to 80 
mm and for solution concentrations between 0.0020N and 
0.0600. The method used has been previously described 
for anode spark velocity measurements.! Velocities of 
100-500 m/sec. have been determined. The average value 
for 25 kv is 235 m/sec. while the average for 30 kv is 
190 m/sec. Empirically, the results indicate that the spark 
velocity is inversely proportional to the square root of the 


AMERICAN PHYSICAL SOCIETY 


interelectrode gap but is directly proportional to some 
function of the solution normality. The average potential 
existing across the electrodes when the spark ceases its 
extension into the liquid was computed to be 15.6 kv. 
This value is close to that obtained for the anode spark 
under similar conditions.” 


1H. F. Henry, Phys. Rev. 69, 693 (1946). 
2H. F. Henry, Phys. Rev. 72, 184 (1947). 


L1l. The Refractive Index of Several Hydrocarbons in 
the Near Ultraviolet Wave-Length Region. James L. 
LAvuER,* University of Pennsylvania.—Index of refraction 
measurements were carried out with twenty-one liquid 
hydrocarbons, paraffinic, naphthenic, olefinic, and aro- 
matic, in their respective transparent regions between 220 
and 420 millimicrons, both at 20° and at 25°C, to an 
average accuracy and precision of +0.0002 in refractive 
index. The data for each compound were fitted to an 
empirical equation relating frequency and index and from 
these the constants in the Sellmeier-Drude equation were 
calculated wherever possible. Interesting variations in 
these constants were observed for compounds of related 
structures. The instrument used for the measurements was 
the same as the one described in an earlier article.! 

* Present address: Sun Oil Company, Norwood, Pennsylvania. 


( a a L. Lauer and P. H. Miller, Jr., J. Opt. Soc. Am. 37, 664-668 
1947). 


Reactions of Transmutation 


Pl. Corrections to Range Data. R. F. HUMPHREYS AND 
H. T. Motz, Yale University.*—The interpretation of the 
ranges of particles emitted in an induced nuclear reaction 
has been considered in some detail by Livingston and 
Bethe.! They have calculated corrections due to target 
thickness, angle spread (for 90° observation), and range 
straggling that must be applied to observed extrapolated 
ranges to obtain mean ranges and energies. In the present 
work there is added to these corrections the effects of 
primary beam inhomogeneity, the level sensitivity of the 
proportional counter, and the variation of electrical 
counter depth. It is shown that the common practice of 
“‘peaking’’ a counter may introduce an appreciable shift of 
the extrapolated ranges caused both by shift in counter 
depth and by charge in the observed group shape. The 
width of observed groups may be altered considerably by 
the counting level as well as by the beam inhomogeneity. 
To a good approximation these effects are predictable. 
They are shown to be range dependent and vary from 
reaction to reaction. Their relative magnitudes for both ~ 
90° and 0° observation are discussed. 


* Assisted by the Office of Naval Research. 
1 Livingston and Bethe, Rev. Mod. Phys. 9, 245 (1937). 


P2. The Na?*(ap)Mg** Reaction. H. T. Motz anp 
R. F. Humpureys, Yale University —The corrections 
discussed in the above abstract have been applied to the 
Na™3(ap)Mg?® reaction for 0° observation. Thin sodium 
targets have been bombarded with 7-Mev alpha-particles 
from the cyclotron. Four groups were observed, the second 
of which is only barely resolved from the ground state and 














has not been previously reported. The beam energy and 
inhomogeneity has been measured by a _ proportional 
counter calibrated with ThC’ alphas. The extrapolated 
ranges of the proton groups have been corrected for the 
effect of beam inhomogeneity, angle spread, range strag- 
gling, counter “‘peaking,” and counter depth. The correc- 
tions are of the magnitude of 5 cm for the 88 cm end group. 
The Q values obtained are 1.44, 1.12, —0.30, and —1.3 
Mev. Gamma-ray absorption measurements! are in agree- 
ment with the transition from the third excited level. 
The ground state Q differs by 0.5 Mev from the value 
reported in early work, but is consistent with the reactions 
Mg?5(da)Na® and Mg?5(dp) Mg”* studied in this laboratory. 
Using the Na* mass reported by this laboratory? a new 
Mg” mass is found to be 25.99133+0.0003 Mu. 


* Assisted by the Office of Naval Research. 
1 David E. Alburger, Bull. Am. Phys. Soc. 23, 9 (1948). 
2 Elder, Motz, and Davison, Phys. Rev. 71, 917 (1947). 





P3. The Al*’"(dn) Reaction. R. A. PeEcK, Jr., Yale 
University.*—A thin aluminum target has been bombarded 
with 3.6-Mev deuterons and the energy distribution of the 
evolved neutrons studied, following a conventional micro- 
photographic procedure. 


* Supported by the Office of Naval Research. 


P4, Energy Levels of Al 28 and Mg 25. E. PoLiarp, 
V. L. Sattor, AND L. D. Wyty, Yale University.*—Al 28 
can be formed by the dp reaction on Al 27. Attempts to 
resolve the proton structure into groups in the past have 
been unsuccessful.! This indicates an unusually close level 
spacing. Recent work by Seagondollar and Barschall 
indicates that neutron scattering by Al 27 shows fluctua- 
tions in cross section which correspond to levels in Al 28 
about 70 kv apart. These are at an excitation of 7 Mev. 
Observation of protons from a thin layer of Al bombarded 
by deuterons shows the presence of 20 levels between 0 and 
6.5-Mev excitation. These levels occur in five fairly definite 
groups, one near the ground state, which appears to be 
either a doublet or a triplet, and each of the others at 
approximately 1.3-Mev separation. The separation of the 
individual levels, as far as they are at present resolved, 
is approximately 250 kv. This is definitely less than usually 
observed. The maximum Q value for the above reaction is 
5.64 Mev. Alpha-particles occurring in three groups of Q 
values 7.05, 6.38, and 5.70 Mev are observed corresponding 
to the ground state and two excited states of Mg 25. 
Additional group structure may be present. 

} Assisted by the Office of Naval Research. 


(1940). L. Schultz, W. L. Davidson, and L. Ott, Phys. Rev. 58, 1043 


P5. Recent Results of Investigation of Reaction S(dp). 
Perry W. Davison, Yale University.*—Further investi- 
gation of the proton groups from the deuteron bombard- 
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ment of sulphur has disclosed the presence of a low in- 
tensity long range group with a Q of 8.8+0.1 Mev. It is 
believed that this group corresponds to the ground state 
of S* from the reaction S*(dp)S*. However, this assign- 
ment is not definite being based on this group’s intensity 
relative to what is thought to be the ground state group 
of S*%, Q=6.48 Mev. This ratio of intensities is about 
1:100 and the relative concentrations of S* and S® is 
1:130. Assuming this assignment the following mass 
differences, in mass units, are obtained: S*—S*, 0.99965 
+0.00005; S*—S%, 0.9972+0.0001; S*—S®, 1.9969 
+0.0002. Four of the groups previously reported and 
assigned to S* have been found to be double. This may 
possibly be caused by overlapping of the S*® and S* 
patterns. The definite assignment as to isotope in this 
study will have to wait until separated isotopes are 
available. 


* Assisted by the Office of Naval Research. 


P6. Measurement of Short Range Nuclear Recoils from 
Disintegrations of the Light Elements. S. K. ALLISON, 
H. V. Arco, W. R. ARNoLD, L. DEL Rosario, H. A. 
Witcox, AND C. N. YANG, University of Chicago.—An 
energy selection of the disintegration particles from 
beryllium and deuterium (D.0O ice) targets under 200-400 
kv proton and deuteron bombardment has been accom- 
plished with a cylindrical electrostatic deflector. The 
particles emerging from the deflector are detected by an 
Allen electron multiplier tube.* The absence of any foil or 
window between the target and the detector makes is 
possible to observe all particles with energies below an 
upper limit zWmax where z is the number of electronic 
charges on the fragment and Wmax is an upper limit 
defined essentially by the geometry of the deflector and 
the high voltage it will tolerate. In our work Wimax is close 
to 1 Mev. From the reactions Be®(p,a)Li® and Be*(p,d)Be® 
one observes scattered protons, disintegration a’s and d’s 
and the lithium particles, the latter appearing in three 
states of ionization. Unfortunately, in the present state of 
our experiments interference from the scattered protons 
prevents observation of the a’s from Be*. Scattered 
deuterons, He® and H? particles from the (d,d) reactions 
are observed. The He? particles indicate a provisional Q 
of 3.35+0.05 Mev for D(d,n)He’, agreeing with Bonner’s 
1941 value** of 3.31+0.03 Mev obtained from the ranges 
of protons recoiling from the neutrons. Experiments are 
being continued. ‘ 


* The preparation of electron multiplier tubes for these experiments 
has a accomplished with the aid of funds from the Office of Naval 


Research 
** T. W. Bonnner, Phys. Rev. 59, 237 (1941). 


P7. Threshold and Resonances in the C*(pn) Reaction.* 
W. E. SHoupp AND B. JENNINGS, Westinghouse Research 
Laboratories.—The threshold energy required to induce the 
(pm) reaction in C has been measured to be E;=.662 
+,003 Mev, This reaction is the inverse of the N“(np) 
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process studied by Hughes and Eggler! and their observed 
reaction energy Qnp=.597+.009 Mev may be compared? 
with the negative of the reaction energy Qpn=—.617 
+.002 Mev observed here. The errors assigned do not 
include errors in the absolute voltage scale that may 
amount to as much as 1 percent. Two resonances in the 
process have also been observed at proton energies of 
1.135 and 1.28+.004 Mev respectively. These energy 
levels of the compound nucleus N!5 may be correlated with 
the two lowest states previously observed in the N**(np) 
reactions.* 4 


* This work performed under contract with Office of Naval Research. 
1 Hughes and Eggler, Bull. Am. Phys. Soc. 23, 10 (1947). 

2 Stephens, Rev. Sci. Inst., 19, 22 (1947). 

* Barshall and Battat, Phys. Rev. 70, 245 (1946). 

4 Huber and Stebler, Phys. Rev. 73, 89 (1948). 


P8. The N'4(n,p) Reaction and the Proton Range- 
Energy Curve. W. FRANZEN, I. C. CorNoG AND W. E. 
STEPHENS, University of Pennsyluania.—The range of 
protons emitted in the slow neutron disintegration of 
nitrogen has been measured in a cloud-chamber to be 
1.00 cm of air, in agreement with other observers. The 
energy of this proton (561 kev as deduced from the 
extrapolated end-point of the C™ beta-spectrum and the 
n-H mass difference) establishes a point on the proton 
range-energy curve. This point agrees well with Bethe’s 
1937 curve,! but deviates considerably from his later curve.? 
It is pointed out that other points can be established on 
the proton range-energy curve in this region by data on 
reaction cycles involving (a) other slow neutron (n,p) 
reactions [He*(n,p), B'°(,p), Cl**(n,p), Sc*®(n,p)_] and the 
extrapolated end-points of the beta-spectra of the product 
nuclei; (b) protons emitted in D*(y,m) and the energy of 
the gamma-ray (ThC”, Na’); (c) H? nuclei emitted in 
He*(n,p)H* and Li®(,~)H® (in these cases proton ranges 
can be computed from the H* ranges with small error). 
Existing data on these types of experiments will be 
compared with published range-energy curves to point out 
agreements, discrepancies and possibilities for further 
measurements. 


1 Livingston and Bethe, Rev. Mod. Phys. 9, 268 (1937). 
2H. A. Bethe, Phys. Rev. 53, 313 (1938). 


P9. Thin Target (a,n) Cross Sections of Be, Mg, and Al.* 
I. HALPERN,** Los Alamos Scientific Laboratory.—The 
(a,m) cross sections for beryllium, magnesium, and alumi- 
num were measured as a function of alpha-energy up to 
the full energy of polonium alphas. The cross sections 
were determined by counting the neutrons released in the 
reactions in a graphite: block with a slow-neutron counter. 
The energy response of the counting apparatus was 
reasonably “flat.” The disintegration chamber was of 
spherical geometry with the source at the center. Energies 
of alphas incident on the surrounding target were deter- 
mined by the pressure of the stopping gas in the chamber. 
The target and source thicknésses were such that the 
energy resolution was of the order of 10 percent. The 
lowest resonance in beryllium occurs at 1.6 Mev. The 
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cross section at the peak is .13 barns and rises to .4 barns 
at 5 Mev. The aluminum and magnesium cross sections 
are smaller by a factor of about twenty, and no resonances 
can be identified with certainty. 


* The information contained herein will appear in Division V of the 
National Nuclear Energy Series (Manhattan Project Technical Sec- 
tion) as part of the contribution of the Los Alamos Laboratory. 

** Now at Massachusetts Institute of Technology. 


Cryogenics 


Ql. Superconducting Noise and Rectification. DonaLp 
H. ANpDREwS, Johns Hopkins University.*—Using a super- 
conducting bolometer of CbN, measurements have been 
made of the background noise for 18 values of the current 
between 0 and 42 ma. Temperature was varied slowly over 
the transition range between 15° afid 16°K and simultane- 
ous tracings made with two recording potentiometers of 
the d.c. resistance of the bolometer and of the amplified 
and rectified noise potential. For low current the noise was 
greatest in the superconducting state and for high current 
in the normal state. As temperature varied, there were 
many peaks of noise, the pattern varying strikingly with 
current. At high currents the peaks were associated with 
breaks in the d.c. resistance curve. The pattern of rectifi- 
cation at radio frequency showed similar variations with 
different values of imposed d.c. The magnitude of rectified 
signal was greatest for r.-f. between 0.2 and 1.2 mc. and 
between 50 and 110 mc. Rectification was at a maximum 
for r.-f. modulated between 300 and 700 c.p.s. and fell off 
sharply above 1200 c.p.s. Reversing the direction of d.c. 
changed both the magnitude and temperature pattern of 
rectification. 


* This research was carried out under a basic research contract with 
the Physics Division, Office of Naval Research, U. S. Navy. 


Q2. A Recent Study of the Infra-Red Sensitivity of 
Superconducting Bolometers.* NELSON Fuson, Johns 
Hopkins University.—25 columbium nitride supercon- 
ducting bolometers have been studied for sensitivity and 
noise characteristics. These bolometers were irradiated 
with a wide band of 360 c.p.s. square wave modulated, 
infrared radiation of about ys microwatt mm? intensity. 
The bolometer response was amplified by a matching 
input transformer and wide band amplifier such that the 
combined gain was 5X10°*. Time constants ranging from 
0.8 to 17.0 milliseconds were measured for the last 12 
bolometers studied. The minimum detectable power of 
these latter bolometers range from 0.3 to 300 X10-!° watt 
when calculated under the reference conditions suggested 
by Jones.** Comparisons are given between these super- 
conducting bolometers and other infra-red detectors 
described in the literature. 


* This work has been supported by the Rockfeller Foundation. 
** R. Clark Jones, J. Opt. Soc. Am., 37, 879 (1947). 


Q3. Surface Impedance of Tin at 24000 mc/sec.* E. 
MAXWELL, P. M. Marcus, anp J. C. Srater, M.I.T.— 
The surface resistance of white tin has been measured at 
24000 mc/sec. from 300°K to 4°K and in the supercon- 
ducting state from 4° to 2°K. It is found, in agreement 











with other experimenters! that the surface resistance 
approaches an asymptotic value at low temperatures 
independent of the d.c. resistivity. At 4°K the apparent 
a.c. resistivity is 60 times the d.c. value. The general form 
of the variation roughly follows the (unpublished) theory? 
of E. H. Sondheimer and A. E. H. Reuter of Cambridge. 
By fitting the experimental data to the theoretical curve 
one can calculate an approximate value for the number of 
free electrons per atom. We find a value of 0.2. The theory 
can be extended to the superconducting case by adding 
another term for the super-current. It is then possible to 
obtain the variation with temperature of the static pene- 
tration depth 4, of the superconductor, by making assump- 
tions about the change in the number of normal electrons 
below the transition temperature. The curve obtained 
agrees approximately with other determinations and we 
find a value of 710-6 at 2°K. 


* This work has been eagngeeet in part by the Signal Corps, Air 


Materiel Commend ont s O.N 
1London, H., Proc. Royal is. A176, 522 (1940); Pippard, A.B., 


yeas Roy. ne "A191, “371 (1947); Garrison, J.B., Ph.D. thesis, M.I.T., 
194 
2 Private communication to Prof. J. C. Slater. 


Q4. On Temperature Dependence of Penetration Depth 
in Superconductors. JULES DE LAUNAY AND M. C. STEELE, 
Naval Research Laboratory—Using the Gorter-Casimir 
thermodynamic theory of superconductivity, the form of 
the Sommerfeld relation for the specific heat of electrons, 
the form of the acceleration theory for the penetration 
depth, A, and the parabola relationship for the threshold 
magnetic fields, it is found that the variation of \ with 
temperature T is given by \/Ao=[1—(7T/7-)*}-4, where ro 
is the penetration depth at 0°K, and 7, is the transition 
temperature for no applied magnetic field. Comparison 
with experiments on mercury and tin shows good agree- 
ment. Absolute values for the penetration depth of these 


elements are calculated from the experimental results by | 


using the derived equation. 


Q5. De Haas-van Alphen Effect in Zinc. L. ONSAGER 
AND J. E. Rosinson, Yale University—Blackman’s 
theory? of the de Haas-van Alphen Effect is applied to 
data obtained by S. G. Sydoriak* for Zn at 4.2°K. Agree- 
ment with theory for fields up to 3 kilogauss is good for 
the spacing of the oscillations of the magnetic moment, 
less certain for the envelope shape. Data for higher fields 
is incomplete. The data for Zn can be accounted for in 
terms of one zone of hexagonal symmetry containing about 
8X10-* electrons per atom, these electrons having a 
chemical potential Ey~.02 ev, longitudinal effective mass 
m|~20mp, and transverse effective mass mL ~.01m. As 
implicitly required for the application of Blackman’s 
theory, the computed specific heat of the de Haas-van 
Alphen zone is small compared to the measured electronic 
specific heat. 

1M. Blackman, Proc. Roy. Soc. (A), 166, 1 (1938). 


2 D. Shoenberg, Proc. Roy. Soc. (A), 170, 341 oe. 
+S. G. Sydoriak, Bull. Am. Phys. Soc., 23, No. 2, p. 15. 


Q6. Characteristics of Liquid Air as a Low Temperature 
Bath. LesteR I. BOCKSTAHLER AND HARMON PLUMB, 
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Northwestern University.—Baths of liquid air, pure oxygen, 
and commercial nitrogen were studied under the usual 
laboratory operating conditions. The temperature and 
oxygen content of each bath was determined at regular 
time intervals as the liquid evaporated (a) freely under 
atmospheric pressure, (b) rapidly at reduced pressure, 
(c) rapidly upon the introduction of an immersion heater. 
Temperatures were read by means of a platinum-resistance 
thermometer. The percent oxygen content was computed 
from density measurements made by the usual Jolly 
balance method—weighing an aluminum cylinder in air, 
water and in the liquid in turn. The comparative behavior 
of each liquid sample is shown by time-temperature graphs. 
Freshly prepared liquid air may vary as much as twenty 
percent in oxygen content depending on the method of 
liquefaction. Results of the oxygen-nitrogen composition 
are in good agreement with the values found by Dodge 
and Dunbar! using varying mixtures of pure oxygen and 
nitrogen. 


1J. Am. Chem. Soc. 49, 591 (1927). 






Q7. The Effect of Relaxation on the Theory of Second 
Sound in Helium II. W1LL1aAm BAnp AND LoTHAR MEYER, 
University of Chicago.—Following the idea that propaga- 
tion of second sound implies a lack of internal equilibrium, 
the equations for the two-velocity field model of liquid 
helium II? are generalized. Expressions follow for Vso, Vac 
and Vo, Vno, respectively the velocities of propagation of 
second sound and normal sound at infinite frequency (no 
relaxation) and zero frequency (complete thermal equi- 
librium or full relaxation). At zero frequency the second 
sound reduces to thermal diffusion (Vso imaginary). 
Normal sound undergoes a sharp Einstein dispersion and 
absorption at the lambda temperature (for generally used 
frequencies) in agreement with attenuation measurements.* 
The theory is used to compute o the fraction of normal 
particles from thermodynamic and second sound velocity 
data,‘ and the energy per normal particle is obtained from 
o and the experimental data cn total heat content. 

lw. ar and L. Meyer, Phys. >. 73, 226 (194 

2L. D. Landau, J. Phys. U.S.S.R. 5, 71 (1941); oi. 91 (1947); L 
Tisza, Phys. Rev. 72, 838 (1947). 

3 J. R. Pellam and C. F. Squire, Phys. Rev. 72, 1245 (1947). 


4V. P. Peshkov, J. Phys. U.S.S.R. 8, 381 (1944); 10, 389 (1946); 
C. T. Lane, H. Fairbank and W. Fairbank, Phys. Rev. 71, 9 (1947). 


Q8. Relaxation and Heat Conductivity in Liquid 
Helium II. LorHarR MEYER AND WILLIAM BAND, Uni- 
versity of Chicago.—The equation for thermal diffusion 
derived above! agrees with the relaxation equation used 
previously? if the second sound velocity is corrected to 
zero frequency. The relaxation time 7 is calculated to a 
higher accuracy. The peculiar property of the heat current 
in being proportional to the cube root of the temperature 
gradient can be phenomenologically reduced to the relation 
u,?r,= J, where u, is the velocity of the superfluid balancing 
the mass flow of normal particles transporting the energy. 
rT, is a relaxation time derived from r by the conditions for 
frequency balance. J is a simple function of temperature 
only, approaching h/mz at temperatures below 1°K. The 
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equations lead to a qualitative understanding of the 
reduction of thermal conductivity by mass flow.® 


1 Meyer and Band: preceeding abstract. 
2 Band and Meyer, Phys. Rev. 73, 226 (1948). 
8 Kapitza, P., J. Phys. U.S.S.R. 4, 181 (1941). 


Q9. Approximate Methods in Momentum Space. M. 
DRESDEN, University of Kansas.—A theoretical discussion 
of the properties of liquid He II should be based on the 
properties of the (non-relativistic) quantum mechanical 
many-body problem. Since it has been conjectured that 
at low temperatures there exists some kind of order in 
momentum space,! it has seemed worth while to obtain 
methods which will approximate the momentum wave 
function directly. This wave function satisfies an integral 
equation of the Hopf-Wiener type. It is possible using 
the conventional integral equation methods to obtain a 
sequence of functions the limit of which is the exact wave 
function in momentum space. Fourier inversion of the 
members of the sequence gives then an approximating 
sequence for the wave functions in coordinate space. 
Each member of this sequence can be expressed in terms 
of integrals over the potential energy function. The first 
approximation to this coordinate wave function, describes 
particles in essentially a constant field (some averaged 
field)—the next approximation utilizes more details of 
the potential energy function. Similar methods can .be 
used to obtain the eigenvalues—in particular some infor- 
mation about the lowest eigenvalue and the lowest wave 
function can be obtained. 


1F. London, Rev. Mod. Phys. 17, 310 (1945). 


Mesons Natural and Artificial 
S1. Production of Mesons by the 184-inch Berkeley 


Cyclotron. Part I. Experimental Arrangement.* EUGENE 
GARDNER AND C. M. G. Lattes, University of California, 
Berkeley—We have observed tracks which we believe to 
be due to mesons in photographic plates placed near a 
target bombarded by 380-Mev alpha particles. The plates 
used were Ilford Nuclear Research Plates, type C.2. 
The identification of the particles responsible for the 
tracks was first made on the basis of the appearance of the 
tracks; they show the same type of scattering and varia- 
tion of grain density with residual range found in cosmic- 
ray meson tracks by Lattes, Occhialini, and Powell,! and 
about two-thirds of them produce observable stars at the 
end of their range. For a 10-minute exposure in the cyclo- 
tron, about 50 meson tracks are found along the 3-inch 
edge of a photographic plate. Carbon, beryllium, copper, 
and uranium have been used so far as target materials, and 
all are found to give mesons. When a carbon target was 
bombarded with 300-Mev alpha particles, mesons were 
found but with reduced yield. 


* This paper is based on work performed with the support of the 


Atomic dig Commission. 
1C. M. G. Lattes, G. P. S. Occhialini, and C. F. Powell, Nature 160, 


453, 486 (1947). 


S2. Production of Mesons by the 184-inch Berkeley 
Cyclotron. Part II. Mass Determination.* C, M. G. 
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LATTES AND EUGENE GARDNER, University of California, 
Berkeley.—The mass of the mesons produced by the 184- 
inch Berkeley cyclotron has been determined by measuring 
the bending in the magnetic field and the range in emulsion. 
The radius of curvature of the trajectory is found by 
measuring the distance from the target to the point at 
which the meson enters the emulsion and the angle which 
the track makes with the edge of the plate. From the first 
50 meson tracks measured we find a mass of 313-16 elec- 
tron masses. It is highly probable that these mesons are the 
heavy mesons described by Lattes, Occhialini, and Powell.! 
The mass determination which we have made was done 
with apparatus intended only for survey work, and some of 
the error is associated with lack of precision of location of 
the photographic plates. There was an aluminum foil of 
thickness 0.001 inch in front of the plates. It is thought 
that much better accuracy will be possible with better 
apparatus and a thinner foil. 


* This paper is based on work performed with the support of the 


Atomic Energy Commission. 
1C. M. G. Lattes, G. P. S. Occhialini, and C. F. Powell, Proc. Roy. 


Soc. (in press). 


S3. Search for Photons from Stopped Mesons. ORESTE 
Picctont, Massachusetts Institute of Technology.—The 
main purpose of this research was to investigate whether 
the rest energy of negative (normal) mesons, captured in 
Fe, is released in the form of light. At the same time a 
check has been made on the possibility that photons are 
emitted together with electrons, in the decay process of 
positive mesons stopped in Fe. The apparatus consists of 
a vertical telescope for collimating a beam of penetrating 
particles in an iron plate (absorber). By means of anti- 
coincidence counters, events were selected corresponding 
to particles stopped in the absorber. For those events a 
picture was taken of a scope indicating which one of a 
group of counters H was discharged. The counters H 
were disposed at one side of the absorber, and from the 
picture it was possible to determine whether a photon 
coming from the iron was converted in a lead plate. The 
results rule out the assumption that one (or more) photon 
of energy 30 Mev (or more) accompanies the stopping of 
each negative meson. The same results indicate as well 
that the decay process of positive mesons does not involve 
emission of high energy photons. This is in agreement with 
a recent works of R. Sard and co-worker, and of-B. Ponte- 
corvo and co-worker. In the hypothesis of a neutral meson 
emitted in the process involving the disappearance’ of a 
negative meson, a lower limit of 107!° sec. is established 
for the mean life of such a neutral particle, assuming that . 
it would decay in two high energy photons. 


S4. Search for Heavy Particles from Stopped Mesons.* 
W. Y. CHANG, Princeton University—A cloud chamber of 
12 inches diameter, 5 inches depth and having small dead 
space was constructed for studying meson absorption by 
nuclei. A vertical meson beam is selected by a three-fold 
coincident telescope, which is put above the chamber and 
protected against side-showers by anticoincident counters. 
The lower circumference of the chamber is surrounded with 
many anticoincident counters, so that the chamber ex- 

















pands only when a particle stops in the chamber or in the 
chamber and counter walls. Before entering the telescope 
the mesons pass through a lead block of 35 cm to increase 
the slow meson intensity. The chamber is kept in a con- 
stant-temperature room and found to work satisfactorily 
for days without readjustment. The operation of the 
chamber, the lights, camera, etc. is controlled automatically 
by an electronic unit. Thin iron (0.028 inch) and lead (0.018 
inch) foils have been separately put inside the chamber. 
Our preliminary results (more than ten pictures) show no 
evidence of star production or emission of a single heavily 
ionizing particle when a meson appears to stop at a foil. 
The emission of a neutral particle such as a neutral meson 
seems, therefore, to be necessary after nuclear capture of a 
negative meson. The effect being studied is smaller than 
any one of the effects due to side-showers, absorption by 
the chamber and counter walls, inefficiency of the anti- 
coincident counters, scattering from the top of the cham- 
ber, etc. These have made the experiment fairly difficult. 
Improvements are being made and further results will be 
reported. 

* This work was supported in part by Office of Naval Research. 


S5. The Time Distribution of Decay Electrons from 
Mesons Stopped in Magnesium at 3500 m Altitude.* 
R. D. SaRD AND A. H. BENADE, Washington University.— 
Two sets of G-M tubes, above (J) and below (JJ) a 7.6 
cm Mg block respond respectively to the incident meson 
and the decay electron. The circuit! records delayed coin- 
cidences of the pulses from J and JJ in ten contiguous 
channels ranging from 0.5 to 6.5 usec. Beneath JJ is a 
counter tray, C, separated from it by a Pb slab thick 
enough to stop any decay electron from the Mg. The cir- 
cuit can be switched to respond only if C discharges within 
0.5 usec after J. In this way the distributions of counter 
lags greater than 0.5 usec is determined: Measurements of 
these lags and of decay electrons were alternated ; frequent 
calibrations were made. There were enough spontaneous 
lags in the first channel to necessitate an appreciable cor- 
rection to the decay data for this channel. A differential 
plot of the 1663 points in the later channels (1.1 to 6.5 
usec) gives a smooth curve, closely fitting that calculated 
assuming equal numbers of positive and negative stopped 
mesons, with mean lives of 2.2 and 1.0 usec respectively.” 
A single exponential with a mean life of 1.7 usec gives 
not as good a fit. 


* We are indebted to the U. S. Navy for support, and to M. Schein 
and E. F. Fahy for permission to use the University of Chicago Labora- 
tory at Climax, Colorado. 

1 Based on a design of M. L. Sands: B. Rossi, M. Sands, and R. D. 
Sard, Phys. Rev. 72, 120 (1947). 

2H. K. Ticho and G. E. Valley; results obtained independently and 
—_——ee at the Chicago Meeting, American Physical Society, 

lec. 30, A 


S6. Decay of Mesons in Carbon. C. W. KissINGER AND 
D. Cooper, University of Maryland (Introduced by D. 
Cooper).—A method is being used for determining the 
life times of positive and negative mesons in carbon. 
Geiger-counters in coincidence define a solid angle. Slow 
positive and negative mesons are separated in a magnetic 
field and deflected into graphite blocks placed outside the 
solid angle. The decay electrons are detected as they 
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emerge from the respective graphite blocks. The time be- 
tween the pulse from the meson and the pulse from the 
decay electron is measured on a servoscope by photograph- 
ing the trace. Anticoincidence counters are used to prevent 
sweeping of the servoscope by mesons that are not deflected 
into an absorbing block. Preliminary results indicate that 
both positive and negative mesons decay in carbon with the 
ejection of an ionizing particle. These results are in agree- 
ment with the results of other experiments on the decay 
of negative mesons in elements of low atomic number.»*# 
1M. Conversi, E. Pancini, and O. Piccioni, Phys. Rev. 1. 209 (1947). 


2H. K. Ticho and M. Schein, Phys. Rev. 73, 81 (1948). 
3G. E. Valley and B. Rossi, Phys. Rev. 73, 177 (1948). 


S7. On the Energy Dependence of the Positive Meson 
Excess.* M. H. SHamos, M. G. Levy, Anp I. S. LOWEN, 
New York University—The numbers of decay electrons 
(delayed more than 1 usec.) from carbon and aluminum 
have been measured under 10 cm, 30 cm, and 50 cm, of Pb 
at sea level. The relative sizes of the absorbers were chosen 
in the ratio of the ranges of the decay electrons in the two 
materials so as to assure equal probability for detection. 
Measurements on the mean life are consistent with the 
value 2.15 ysec. (with a precision of +10 percent). Under 
the assumption that both positive and negative mesons 
decay in carbon, while only the positive mesons decay in 
aluminum, the relative yields (after subtracting back- 
ground) permit the comparison of the total number of 
mesons with the number of positive mesons. The results 
show no significant dependence upon energy (in the range 
~200-800 Mev) in agreement with cloud chamber results, 
but are in agreement with a 20 percent positive excess only 
if negative mesons do undergo decay in aluminum, the 
fraction decaying (beyond 1 usec.) being ~.30+.16. 
Extrapolation of this fraction to zero time, assuming the 
apparent mean life of negative mesons in aluminum is 
~0.7 ysec.,? would indicate that all negative mesons decay 
in aluminum. Although the precision of this result is 
rather poor, it is fairly certain that some fraction of the 
negative mesons decay in aluminum. 


* Supported by the Office of Naval Research. 
1V. J. Hughes, Phys. Rev. 57, 592 (1940). 
2G. E. Valley and B. Rossi, Phys. Rev. 73, 177 (1948). 


S8. Slow Mesons .in the Atmosphere.* MATTHEW 
Sanps, Massachusetts Institute of Technology.—Further 
measurements have been made, at altitudes between sea 
level and 11,000 meters, of the intensity of mesons near 
the end of their range. The apparatus was similar to that 
used previously and the results agree with those reported.! 
Measurements were made also with 7.5 cm of lead above 
the apparatus. The altitude variation of the counting rate 
was the same as that observed without lead. The same 
selection technique has been used with a different geometry 
to determine directly the differential range spectrum and 
the absolute intensity at sea level of mesons with ranges 
between zero and 30 cm of lead. The vertical intensity 
at sea level of mesons which stop and decay in 15 g cm™ of 
carbon was found to be (4.4+0.3)X10-5 sec.~! sterad—. 
The intensity of mesons which penetrate 166 g cm~ of 
lead and stop in 15 g cm™ of carbon was found to be 
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(5.10.3) 10-5 sec.-! sterad™, which value agrees with 
the result of Koenig.? 


* The work reported was supported in by the Office of Naval 

Research. The aircraft used was provided by the Army Air Forces. 
1B. Rossi, M. Sands and R. F. Sard, Phys. Rev. 72, 120 (1947). 
2H. P. Koenig, Phys. Rev., 69, 590 (1946). 


S9. An Interpretation of Dual-Cosmic Ray Events. R. 
M. LANGER, Bureau of Ships, AND HERMAN YAGODA, 
National Institute of Health—Three II-pronged events 
recorded in nuclear emulsions exposed at sea level cannot 
be attributed to nuclear evaporations of component atoms. 
The three events are related in that the energy and mo- 
menta of the particles producing the tracks are explicable 
on the transformation of heavy primary mesotrons into 
charged mesotrons of smaller mass. The first event is repre- 
sented by a 1 Mev proton track and a meson with a re- 
corded track length of 2170 microns having an angle be- 
tween tracks of 100°. In the second event the track of a 13 
Mev alpha particle and a 4.1 Mev secondary mesotron 
diverge at an angle of 120° and terminate in the emulsion 
layer. The emergent mesotron has a range of 613 microns 
and appears to be identical with the u-mesotrons described 
by the British investigators. Momenta considerations 
indicate a mass of 630 m, for the incident particle. The 
third event is comprised of the tracks of two mesotrons of 6 
and 1 Mev kinetic energy divirging at an angle of 138°. 
If their masses be assumed equal (200 m,), the incident 
mass corresponds to 400 m,. The spatial orientation of the 
events in the original AgBr-gelatin layer suggests that the 
incident mesotrons were probably uncharged. 


S10. Emission of Radiation in the Disintegration of 
Mesons. DANIEL B. FEER, Harvard University—When a 
meson of integral spin disintegrates into an ‘electron and 
neutrino, the acceleration of charge should be accom- 
panied by electromagnetic radiation. The amount of such 
radiation has been calculated by second-order Dirac 
perturbation theory for various types of coupling. In 
common with other second-order radiative effect calcula- 
tions, the total cross section diverges logarithmically 
(infra-red catastrophe), so that the lifetime for this process 
alone cannot be calculated. The ratio of the mean radiation 
energy emitted to the energy available from the disintegra- 
tion gives a measure of the probability of the process. For 
all models considered this ratio is about 0.85 e?/ch=0.6 
percent, and varies logarithmically with the meson mass. 
It is too small to be observed in the experiments designed to 
detect 50 Mev photons from the decay of mesons of spin 
one-half. 


S11. Trajectories of Charged Meson Test Particles in 
the Similarity Geometry. BANEsH HOFFMANN, (Queens 
College—With the same physical identifications of the 
components of the basic similarity tensor Sj, as in the 
unitary field equations of the gravitational, electromag- 
netic, and vector meson fields,* the geodesic-like varia- 
tional principle 


dx? dx™ )4 
é f { i } dt=0 (Ser = Sor/Soo), 
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yields the correct equations for the trajectories of charged 
meson test particles. The ideas behind the similarity 
theory reveal a close relationship between the hitherto 
diverse unitary theories of Weyl and Kaluza. The geom- 
eters showed that four-dimensional conformal geometry 
deals with conformal tensors having 6* components. 
Though not incorporating these two extra degrees of 
freedom, Weyl’s geometry is fundamentally conformal. 
Kaluza’s “five-dimensional” theory uses one extra degree 
of freedom in a projective way such that it may properly 
be regarded, as can Weyl’s theory from a different point 
of view, as an embryonic form of a general conformal 
theory. 
* B. Hoffmann, Phys. Rev. 72, 458 (1947); ibid. 73, 30 (1948) 


Artificial Radioactive Substances 


Tl. Double Beta Decay.* E. FIREMAN, Princeton Uni- 
versity.—There exist a number of stable isobaric nuclei 
that differ by two in charge and may differ by several Mev 
in mass. The heavier should decay into the lighter with 
simultaneous emission of two electrons. The decay prob- 
ability depends markedly upon whether or not the two 
electrons are accompanied by two neutrinos. No neutrinos 
are emitted if they obey the Majorana equation or if the 
interaction is composed of linear combinations of the usual 
interactions. Furry’s calculations using Majorana wave 
functions have been extended to linear combinations that 
arise from symmetry considerations and meson theories. 
Isobars belonging to a triple set are the most promising 
for double beta decay since the middle one is near the 
minimum of the isobaric mass defect curve. Therefore, 
«oZr® and 59Sn™ were investigated with a Geiger counter 
coincidence arrangement. Their activity was compared 
with elements that are stable against all types of decay. 
No difference was detected. On the basis of these measure- 
ments and the assumption of two-Mev mass difference, 
the lifetime of s0Sn!™ is greater than 3-10" years. This 
result rules out the polar vector, axial vector, and tensor 
interactions with Majorana wave functions and the more 
important linear combinations. 

* This work was supported in part by Navy contract. 


T2. Measurement of Absorption Coefficients for Gamma- 
Rays in Various Elements.* ARTHUR L. HUGHES AND 
CLypE L. Cowan, Washington University.—The avail- 
ability in the past year of a number of radio-isotopes from 
the Atomic Energy Commission has permitted measure- 
ments to be made of absorption coefficients for a range of - 
gamma-ray energies heretofore impracticable. Insofar as 
possible, monoenergetic gamma-sources with long half- 
lives were selected which covered the energy spectrum from 
0.4 to 2.8 Mev. A geometry was sought which would yield 
results whose accuracy was limited only by statistics and 
by natural background corrections. The source, absorbers 
of area just sufficient to completely intercept all detected 
gamma-rays, and G.M. tube were suspended outdoors 
about 25 feet above the ground. The lowest obtainable 
background with source present was of the order of four 
times natural background and was a function of the ac- 








tivity of the source. This was due to back scattering by the 
air. Sufficient data were taken at each point to reduce the 
statistical error to less than one percent. The following 
sources were used: Cr-51, Au-198, Cs-135, Sc-46, Zn-65, 
Co-60, Sb-124, Na-24 and Cs-134. Absorbers used were 
Pb, Sn, Cu, Al and C. The results, where there is good 
reason to believe that the gamma-rays were monoenergetic, 
exhibit remarkable agreement with the values predicted 
by Heitler. 
* This work was supported in part by the Office of Naval Research. 


T3. Gamma-Ray Absorption Measurements. CuHar- 
LOTTE M. DAVISSON AND RoBLEY D. Evans, Massachu- 
setts Institute of Technology.—The absorption of y-rays in 
Al, Cu, Sn, Ta, and Pb has been measured in “‘good geom- 
etry” using the 7-rays from ['*!, Cu, Mn*, Co®, Zn®, and 
Na*™, The absorption curves of I'*! showed the presence of 
a 0.65 Mev y-ray 15 percent as abundant as the 0.367 
Mev y-ray. The absorption coefficients of Mn®™ (0.835 
Mev), Zn® (1.14 Mev), Co® (1.16 and 1.31 Mev), and 
Na* (2.76 Mev separated from 1.38 Mev by coincidence 
counting) showed agreement within 0.5 percent to 2 per- 
cent with the absorption coefficients expected from the 
theories of Klein-Nishina,! Hulme e¢ al.,2 and Bethe and 
Heitler.* Transmissions were measured to about 0.01-0.005 
with Zn®, Na*, Cu, and [!*!, and to about 0.001 or lower 
with Mn* and Co®, As one check on the apparatus, ab- 
sorption measurements were made with Ra 7-rays. These 
showed that the apparatus has excellent collimation since 
the results agreed both with those of other workers and 
with those expected theoretically. 


' Klein and Nishina, Zs. f. Phys. 52, 853 (1929). 

2Hulme, McDougall, Buckingham, and Fowler, Proc. Roy. Soc, 
149A, 131 (1935). 

3 Bethe and Heitler, Proc. Roy. Soc. 146A, 83 (1934). 


T4. A Method for Measuring Short Period Activities.* 
A. D. SCHELBERG, M. B. SAMPSON, AND A. C. G. MITCHELL, 
Indiana University —By photographing an oscilloscope it 
is possible to measure short periods which range from 0.1 
second to 5 seconds. The pulses from a Geiger counter are 
fed into the x-axis amplifier of an oscilloscope using no 
sweep. A General Radio Oscillograph Recorder is used to 
photograph the cathode ray tube so that a record is ob- 
tained. The activated target is moved from the bombard- 
ment position to the counting position in about 0.2 second 
by means of a pneumatic tube. Exposure of calcium to a 
23 Mev alpha-particle beam results in an activity with a 
half-life of 0.58+-0.04 second. This activity may be as- 
signed to Ti** produced by the reaction Ca‘°(a,n)Ti*. 

* Supported by Office of Naval Research. 


T5. The Formation of Be”. C. EGGLErR, D. J. HUGHEs, 
AND C. HupDLEsTON, Argonne National Laboratory.— 
The radioisotope Be! is of great interest because its half- 
life is extremely long in spite of the expected allowed 
nature of its disintegration. As part of a program of study 
of this activity we have investigated methods of making 
Be! in the pile. The formation of Be!® by the (n,y) and 
the (n,) reactions has already been reported.! Because 
of the small yields of these reactions it was decided to 
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investigate the (n,p) as well. Although the latter is slightly 
exothermic the penetrability of the proton and the self 
protection of the sample for slow neutrons will make the 
formation of Be! by the thermal neutrons extremely small. 
The main source of Be!® was expected to be the fast neu- 
trons so some amorphous boron was irradiated near the 
uranium lumps in the Hanford pile. Beryllium carrier was 
added to the boron and then separated using the basic 
acetate process. The final beryllium showed an activity 
which did not decay and had the correct absorption curve 
for Be!®*. The specific activity obtained gives a cross sec- 
tion for fast pile neutrons of 3 millibarns and shows no 
appreciable contribution from thermal neutrons. 


1 Hughes, Eggler and Huddleston, Phys. Rev. 71, 269 (1947). 


T6. The @-Spectrum of Be”. D. J. HuGHEs anp C. 
EGGLER, Argonne National Laboratory.—The disintegra- 
tion of Be! is expected to be allowed on the basis of spin 
difference and of comparison with the mirror nucleus C!°. 
However, its half-life of about 3X10* years indicates a 
highly forbidden disintegration. It is therefore of interest 
to determine if the 8-distribution is of an allowed or a highly 
forbidden shape. Because of the great half-life and low 
cross section for the formation of Be!® (preceding abstract) 
it seems likely that material will not be available for a 
spectrometer determination of the spectrum for some time. 
We are measuring the spectrum, therefore, by comparison 
with “standard” spectra, which can be measured accurately 
in the spectrometer. The comparison is made both by 
means of the shape of 8-absorption curves and by observ- 
ing the -energy distributions in a helium filled cloud 
chamber. Assumption of a linear decrease of intensity with 
absorber thickness allows a simple conversion from absorp- 
tion curve to spectrum shape, and study of standard spec- 
tra (W?8, Au, P32, Cu) shows good correlation with their 
known £-distributions. The 6-spectrum of Be!® given by 
the absorption method is found to have the allowed shape 
within experimental error. 


T7. A New 20-Second Activity Induced in Boron by 
High Energy Protons.* R. SHERR, H. R. MUETHER, AND 
M. G. Waite, Princeton University—When elemental 
boron or boron compounds such as boric acid are bom- 
barded in a thin copper cell by 16-18-Mev protons, the 
resulting C" radioactivity may be partially extracted as 
CO. by blowing a gas through the cell. Strong activities 
can be blown 40 feet in a fraction of a second into a thin- 
walled container placed adjacent to a tape-recording Geiger 
counter. In addition to C™ we find a new 20-sec. positron 
activity which closely follows the C™ in chemical tests 
which are specific for COz. The radioactive gas was shaken 
with BaOH, precipitated as BaCOs, filtered and followed 
in decay. A second and more involved test using NaOBr 
removed the possibility that SO. might have been in the 
precipitate. Preliminary absorption measurements give 
an upper limit of ~2 Mev to the 20-sec. activity. When 
CaF.BF; enriched in B! is bombarded and the gas caught 
by NaOH on asbestos, we find considerable enhancement 
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of the 20-sec. period relative to the C" 20.5-min. period. 
We, therefore, believe this short activity is C!® and that the 
8.8-sec. activity earlier ascribed to C!® was due to an im- 
purity in the boron target. 

* Supported in part by Navy contract. 


T8. The Beta-Ray Spectra of C' and S*. Jane L. 
BERGGREN AND ROBERT K. OsBorneE, Massachusetts Insti- 
tute of Technology.—The beta-ray spectra of C and S* 
were investigated with a magnetic lens spectrometer. C** 
sources were made of elemental carbon containing 27 atom 
percent C'*, and S*® sources were made of “no carrier 
added” sulfur estimated to have a specific activity of 0.7 
mc per mg of solid. Counter windows of about 0.4 mg/cm? 
mica were used, and sources of average thickness 0.1 
mg/cm? for C and 0.05 mg/cm? for S* were mounted on 
0.02 mg/cm? of ‘‘Formvar.” The energy distribution was 
found to be within 3 percent of the allowed distribution for 
energies above 40 kev for both spectra. The endpoints ob- 
tained were 155+2 kev for C" and 169+3 kev for S*. 
Comparison with the theory of forbidden spectra shows 
that both the observed energy distributions are compatible 
with the theoretical distribution for A[=1 (yes) for both 
Fermi and Gamow-Teller interactions. For the Fermi 
interaction a second forbidden transition with a spin 
change 0—>1 gives a distribution for C which would be 
distinguishable from the observed spectrum. Careful meas- 
urements were made of the energy distribution near the 
end-points. It was found that the rest mass of the neutrino 
must be less than 1/100 of the electron rest mass. 


T9. Some Notes on Radioactive Carbon of High Specific 
Activity. L. D. Norris AND ARTHUR H. SNELL, Clinton 
National Laboratories.—There has been described recently 
the preparation of several C samples, as barium carbon- 
ate, of appreciably higher specific activity than any ma- 
terial heretofore available.! The histories of these samples 
will be discussed, with emphasis on the radioactivity as- 
says and the effect of sample impurities upon the calcula- 
tion of carbon isotopic ratios from such assays. The samples 
were originally described as having specific activities 
corresponding to isotopic concentrations of 19 percent and 
27 percent, respectively. However, more recent counting 
data indicates that these figures were somewhat low, and 
that the samples actually have specific activities corre- 
sponding to 22 percent and 32 percent, respectively. It has 
been pointed out that the isotopic concentrations obtained 
from radioactivity measurements would be minima, and 
that suspected impurities in the samples would make the 
ratios of ("* to total carbon appreciably higher.! That this 
is the case has been verified by F. A. Jenkins, who has ob- 
served band intensities on grating spectrograms prepared 
from these samples. C“ concentrations of 27 percent and 
40 percent are obtained. Small corrections occasioned by 
dilution of the materials in the spectrum tubes would make 
these concentrations slightly higher.? This paper is based 
on work done for the Manhattan Project. 

1L. D. Norris and Arthur H. Snell, Phys. Rev. 73, 254 (1948). 


Pe F. A. Jenkins, Dep’t of Physics, Univ. of Cal., Private communica- 
tion. 
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T10. Spectrometer Measurement of Cyclotron-Induced 
Gamma-Radiation. Davip E. ALBuRGER, Yale Uni- 
versity.*—A thin-lens magnetic spectrometer has been 
adapted to measure energies of gamma-rays emitted by 
targets under cyclotron bombardment. The cyclotron beam 
is deflected out through an extension tube to a target lo- 
cated in front of the spectrometer radiator. Gamma-rays 
from the target produce photo- and Compton-recoil elec- 
trons from the radiator, the energy spectrum of these 
being determined by varying the lens coil current. Open- 
ings in the spectrometer end-plate and a gasket arrange- 
ment permit evacuation of the spectrometer by the cyclo- 
tron pumps. To reduce the serious defocusing effect of the 
cyclotron stray magnetic field on the spectrometer 20 iron 
rings 1’’ wide and }” thick spaced }” apart along the spec- 
trometer tube on either side of the coil effectively shield 
this region from the vertical disturbing field. The rings 
have negligible effect on the axial horizontal field of the 
lens coil since the spacings result in high reluctance in this 
direction. A preliminary electron spectrum using a lead 
radiator has been obtained with the gamma-rays resulting 
from the deuteron bombardment of PbO. From rough 
calibration this indicates that a gamma-ray of 0.930.09 
Mev is present. This is in agreement with the 0.86-Mev 
first excited state of the O'7 nucleus as found! by Pollard 
and Davison from the O'%(dp)O"’ reaction. 


* Assisted by the Office of Naval Research 
1 Ernest Pollard and Perry W. Davison, Phys. Rev. 72. 736 (1947). 


T1l. The Beta-Ray Spectrum of P*%. E. J. Scort, 
University of Michigan.—The shape of the continuous 
spectrum of the electrons emitted by P® has been in- 
vestigated by means of the semi-circular focussing electro- 
magnet type of spectrometer. A Geiger tube with an ex- 
tremely thin window was used to count the electrons. 
When a moderately thin source of low specific activity was 
used, the distribution followed that predicted by the theory 
of Fermi! for electron energies in excess of 200 Kev. Elec- 
trons of energies below this value showed an increasingly 
greater abundance than predicted by this theory. This 
result is nearly the same as that of Siegbahn,? whose corre- 
sponding value was about 100 Kev. However, when an 
extremely thin source of high specific activity (carrier free) 
was used, the distribution showed an increasing deficiency 
as the electron energy fell below about 1 Mev. Further 
experiments relative to internal scattering at the source 
are being continued to evaluate this discrepancy and to 
bring the results in accord. This research was supported 
in part by the Office of Naval Research. : 


1E. Fermi, Zeit. f. Physik. 88, 161 (1934). 
2 Kai Siegbahn, Phys. Rev. 70, 127 (1946). 


T12. The Disintegration of Sc**.* CHARLES L. PEACOCK 
AND ROGER G. WILKINSON, Indiana University.—The 
beta- and gamma-rays of Sc have been studied using a 
small 180° spectrometer of good resolution. Weak samples 
produced by bombarding Sc20s with the cyclotron deuteron 
beam, and very strong samples obtained from the Oak 
Ridge pile were used. Sc is found to emit a beta-ray hav- 
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ing a maximum energy of 0.36 Mev, the resulting Ti* re- 
turning to the ground state by the cascade emission of two 
gamma-rays with energies of 0.89 and 1.12 Mev. These 
results are in agreement with the work of others.! In addi- 
tion, both neutron and deuteron induced activities are 
found to have a second beta-ray group of very low in- 
tensity with an end point at 1.49 Mev. This high energy 
group represents about 2 percent of the total number of 
beta-rays and is consistent with the decay scheme pre- 
viously suggested.? Thin source technique and the results 
of auxiliary experiments make it unlikely that these elec- 
trons are due to scattering in the instrument, source thick- 
ness or Compton electrons. The gamma-rays are found to 
be converted with K-conversion coefficients of .0008 and 
.0004, respectively, for the 0.89 and the 1.12-Mev gamma- 
rays. 

* Supported by the Office of Naval Research 

1 Miller and Deutsch, Phys. Rev. 72, 527 (A) ne Feister and 


Curtiss, J. Research Nat. Bur. Stand. 38, 411 (19 
2 Peacock and Wilkinson, Phys. Rev. 72, 251 (1947). 


T13. A Search for Crossover Gamma-Ray Transitions 
in Co and Se**.f R. G. FLUHARTY AND MarTIN DEUTSCH, 
Massachusetts Institute of Technology.—The Szilard- 
Chalmers calcium ‘permanganate method of measuring 
weak neutron intensities was used to search for photo- 
neutrons produced from Be.* The threshold energy of the 
photoneutrons eliminates any effects due to the lower 
energy cascade gammas. Calibration by means of Na™ 
and Y® demonstrated that 1 microcurie of these activities 
is equivalent to 15 c.p.m. of Mn® by beta-ray measure- 
ments. Using 60 millicuries of Co® and 15 millicuries of 
Sc“, no effect was observed. In the case of Co, 10 c.p.m. 
above background could be detected, thus the abundance 
of gamma-rays having an energy above 1.63 Mev is less 
than 1.1X10-5 per disintegrations. By reducing back- 
ground effects, 4 c.p.m. over background could be de- 
tected for Sc“, and thus the high energy gamma-rays have 
an abundance of less than 1.7 X 10~ per disintegration. 


t ~~ ‘go was supported in part by the Office of Naval Research. 
Dodson, M. Goldblatt, J. H. Sullivan, L. A. D. C., p. 260. 


T14. Auger Electrons Following K-capture in Cu*. 
C. SHARP Cook AND LAWRENCE M. LANGER, Indiana 
University.*—In addition to emitting negatrons or posi- 
trons, Cu can also transform to Ni* by the absorption of 
an electron from the K shell. The K-capture transition 
goes either to the ground state of Ni®* or infrequently to an 
excited state about 1.3 Mev above the ground level.! An 
intense group of Auger electrons, corresponding to the 
filling of the vacancy left in the K shell of Ni, has been 
measured in a large 180° magnetic spectrometer. The elec- 
trons were detected by a thin window counter having a 
transmission down to 4 kev. An accelerating potential of 
4 kev, applied between the detecting slit and the counter 
helped drive the electrons through the counter window. 
The source was a chemically separated deposit of less than 
0.1 mg/cm? on a backing of 0.02 mg/cm?. After empirically 
correcting for the residual absorption of the counter win- 
dow, for the self-absorption of the source, and for the 
efficiency of production of Auger electrons, we obtain for 
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the ratio of K-capture to positron emission a value of 
3.51.0. This is in good agreement with the value pre- 
dicted from the Fermi theory. 


* This research was supported by the Frederick Gardner Cottrel. 
~~ of the Research Corporation and the Office of Naval Research. 
H. Bradt e¢ al., Hels. Phys. Acta. 19, 219 (1946). M. Deutsch, Phys. 
Rev. 72, 729 (1947). : 


Phosphors 


U3. The Temperature Dependence of the Long Period. 
Phosphorescence of Zinc Silicate. WALTER C. MICHELS 
AND Louise Gaus, Bryn Mawr College.—The integrated 
phosphorescent light from zinc silicate with 0.85 percent 
Mn* has been measured as a function of time at ten fixed 
temperatures between 210°K and 337°K. It is found that 
the decay of phosphorescence at all temperatures can be 
represented as the sum of four exponential decays, each of 
which has a half-life independent of temperature. The ob- 
served half-lives are, in seconds, 1337 percent, 21+10 
percent, 3.510 percent, and 0.67+10 percent. The ini- 
tial intensity corresponding to each decay rate varies with 
temperature in a manner similar to the intensity variation 
in a glow curve.! The constant decay rates seem to indi- 
cate that the long period phosphorescence may be due to 
direct decay from the trapping states, without thermal 
excitation to the conduction band. If so, the temperature 
determines only the relative populations of the various 
traps, and the glow curves must be interpreted making 
allowance for finite transition probabilities from the traps 
to the ground state. 


* Supplied by Dr. H. C. Froelich of the General Electric Lamp De 
velopment Laboratory, Nela Park, Cleveland, Ohio. 
a bt Randall, and M. H. F. Wilkins, Proc. Roy. Soc. A184, 347 


U4. Optical Properties and Constitution of Calcium 
Silicate-Lead Phosphors. FRANK J. STUDER AND GORTON 
R. Fonpa, General Electric.—Calcium silicate phosphors 
were prepared by firing appropriate mixtures of calcium 
oxide, silica, and lead oxide. The mixtures were fired below 
1200°C, in platinum boats, and an atmosphere of steam was 
used to facilitate completion of the reaction. The spectrum 
of the luminescence excited by 2537A was found to vary 
with the conditions of preparation of the phosphor. Three 
emission bands are evident at approximately 3000A, 
3340A and 3500A, anyone of which may be predominant. 
The excitation spectrum also varies widely, having several 
maxima between 2000A and 3000A. When the phosphor is 
excited by the 2288A line from a low pressure cadmium arc, 
a fourth broad band appears in the emission, which peaks 
about 3850A and extends far enough to the longer wave 
lengths to be easily observed visually. X-ray analysis with 
a Philips Geiger-counter spectrometer demonstrates that 
the emission band at 3000A is due to the a-metasilicate, 
the one at 3500A to the 6-metasilicate while the 3340A 
band is due to the 8-ortho-silicate. During the firing process 
the orthosilicate is formed first by the reaction between the 
calcium oxide and silica in equi-molar proportions, and 
it reacts thereafter with additional silica to form the 
metasilicate. 


US. Magnetic Properties ‘of the ZnF;:Mn Phosphor.* 
PETER D. JOHNSON AND FERD E. WILLIAMS, University 
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of North Carolina.—The specific magnetic susceptibility 
of ZnF2:Mn and its components have been measured. 
The unexcited Mn** is apparently in the °S state. The 
susceptibility of fluoride phosphors as a function of ac- 
tivator concentration coupled with energy and entropy 
calculations indicate that there exists appreciable spin 
interaction between activator ions and therefore departure 
from random distribution of Mn** over Zn** sites. Using 
the interaction energy obtained from susceptibility data 
and making the theoretically sound assumption that only 
non-adjacent activator ions are responsible for the emis- 
sion process, the luminescent efficiency versus activator 
concentration has been successfully computed. The varia- 
tion in excitation spectrum and efficiency with crystalliza- 
tion temperature has been qualitatively explained by the 
theory. The change in paramagnetic susceptibility with 
excitation, predicted by Williams and Eyring,! has been 
measured for ZnF2:Mn. The phosphor was excited in a 
vacuum magnetic balance by radiation from a high voltage 
hydrogen discharge. Corrections for heating and radiation 
pressure were applied. The change in susceptibility corre- 
sponds to a decrease of the order of magnitude of one Bohr 
magneton per excited activator. The change in multi- 
plicity has also been observed with Zn2SiO,: Mn and pure 
MnF:. 


* This work was supported by the Office of Naval Research. 
iF. E. Williams and H. Eyring, J. Chem. Phys. 15, 289 (1947). 


U6. Theory of Electron Retrapping in Infra-Red Phos- 
phors.* R. C. HERMAN, C. F. MEYER, AND H. S. HopFicE.p, 
The Johns Hopkins University—The variations of the 
brightness and conductivity of infra-red phosphors have 
been studied theoretically on the basis of a set of non- 
linear differential equations originally proposed by de 
Groot! and subsequently studied by others.? One of the 
important parameters in these equations is e, the ratio of 
the cross sections for the capture of a conduction electron 
into an empty trap and an empty luminescent center. 
For intensities of the stimulating infra-red light used in 
most experiments the fundamental equations can be 
solved approximately. From the solutions of these equa- 
tions it is possible to determine the value of e from experi- 
mental data on the brightness and photocurrent. In this 
treatment the effect of light absorption in the phosphor is 
neglected so that the results are strictly applicable to thin 
samples. In the paper following by W. L. Parker and J. J. 
Dropkin, an example is given of the application of this 
theory to experimental data. 

* This work was supported by the Bureau of Ordnance, U. S. Navy. 

1W. de Groot, Physica 6, 275 (1939). 


2R. C. Herman and C. F. Meyer, J. App. Phys. 17, 743 (1946); 18, 
258 (1947); H. A. Klasens and M. E. Wise, Nature 158, 483 (1946). 


U7. Stimulated Phosphorescence and Photoconduc- 
tivity of Infra-Red Phosphors.* W. L. PARKER AND J. J. 
DropKIN, Polytechnic Institute of Brooklyn.—The photo- 
conductivity and brightness of an infra-red phosphor under 
stimulation have been measured simultaneously. The 
phosphor polarizes rapidly with resultant decrease in the 
current. A technique for depolarizing the sample has been 
worked out and will be described. This permits the meas- 


AMERICAN PHYSICAL SOCIETY 





urement of the decay curves of both brightness and photo- 
conductivity as a function of the time of stimulation. 
Logarithmic plots of brightness vs. time, photocurrent vs, 
time, and photocurrent vs. brightness become straight 
lines at moderately small times. If the brightness and 
photocurrent are extrapolated to zero time to get the ini- 
tial values Bo and 7%, then a plot of t/io vs. (Bio)/(Bot) 
should be a normalized plot of the number of conduction 
electrons vs. the number of empty luminescent centers. 
The experimental data show approximate agreement with 
the theoretical curves of this type described by Herman, 
Meyer, and Hopfield in the preceding paper. The data 
indicate that the ratio of the cross sections for retrapping 
and luminescence is less than one—probably of the order 
of one-tenth for the samples studies. 


* This work was supported by the Bureau of Ships, U. S. Navy. 


U8. The Response of Certain Inorganic Phosphors 
in the Extreme Ultraviolet Region.* E. M. PELL Anp 
D. H. ToMBOULIAN, Cornell University.—In the investiga- 


tion of the use of photomultipliers for the detection of 


ultra-soft x-rays, a preliminary study of certain fluorescent 
substances was undertaken with the object of finding 
their responses to radiation in the 100 to 400A region. A 
grazing incidence vacuum spectrograph was used to dis- 
perse the radiation. A highly condensed capillary spark 
discharge, as well as the L-emission band from an alumi- 
num target, was utilized as a source. A thin layer of the 
phosphor to be tested was deposited on a strip of celluloid 
which was placed in contact with the Rowland circle and 
backed with orthochromatic film. The tests indicate that 
tetragonal CaWQO,:Pb, BaSO.: PbSQ,, and _ tetragonal 
CaWO,:[W] give excellent conversion in this region. 
Monoclinic Mg2WO#[W] gives fair conversion, while 
rhombohedral Zn2SiO.: Mn, monoclinic CdWO,:[W], and 
Ca3(PO,)2:Ce respond weakly. No definite evidence of a 
significant variation of conversion efficiency with incident 
intensity has been found over an intensity range of the 
order of 1000:1. We believe the response of phosphors in 
this region has not been investigated previously. Acknowl- 
edgments are due Mr. H. W. Leverenz of RCA Labora- 
tories for the samples used in the investigation. 
* Assisted by the Office of Naval Research. 


Apparatus of Nuclear Physics 


X1. Redesign of the Princeton Cyclotron to Yield 18 
Mev Protons.* M. G. Waite, H. W. Fursricat, P. 
Gucetot, R. R. Busn, Princeton University—The 35” - 
Princeton cyclotron magnet can be operated at 19,500 
gauss with a maximum Hp at n=0.2 of 6.5X10% Full 
utilization of this Hp would give 21 Mev protons, but if 
operated as a conventional cyclotron would require about 
500 kev energy gain perrevolution and the necessary radio 
frequency power at 29.3 megacycles would be very high. 
A redesign to frequency-modulation operation has thus 
far yielded an inside average current of 1-1.5 microamperes 
at 18 Mev, with only 10 kev on the single dee. The central 
field was 18,300 gauss. A rotating vacuum condenser 
varies the frequency by 8 percent at repetition rates up 
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to 3600 c.p.s. The over-all stability and reliability of 
operation have been gratifying. The beam current varies 
with modulator repetition frequency in close agreement 
with the theory of Bohm and Foldy, but the variation of 
beam current with dee voltage is complicated by inter- 
actions between dee voltage and ion-source. Beam homo- 
geneity in energy is surprisingly good, about 100 kv, 
showing that the center of rotation is more sharply defined 
than is customary with cyclotrons. Measurements on an 
internal probe show very little activity at distances greater 
than 5X 107? cm from the inside edge. 


* Supported in part by Navy contract. 


X2. Gas Scattering in the Electron Synchrotron. J. 
Mayo GREENBERG AND T. H. BERLIN, Johns Hopkins 
University.—Elastic single scattering losses ffom an equi- 
librium orbit in a circular synchrotron have been obtained 
as a function of the residual] gas pressure and the electron 
injection energy. The losses have been calculated for a 
synchrotron of radius 100 cm having a doughnut of radius 
4 cm and a 20 c.p.s. magnetic field with peak value 8000 
gauss. Injection energies range from 40 to 500 kev and 
pressures from 10-* to 10-* mm Hg. At 10-5 mm the losses 
range from 1.1 to 4.8 percent; at 10-* mm from 7.1 to 
23.4 percent; and at 10-* mm from 14 to 36 percent. The 
actual losses are greater because of the scattering from the 
oscillating orbits,! the inelastic scattering, and the multiple 
scattering. For pressures less than 10-* mm, the multiple 
scattering contributes very considerably to the loss. 


Calculations are in progress which will yield the scattering 
losses from the oscillating orbits, the contribution of 
inelastic scattering, and a more accurate estimation of the 
contribution of multiple scattering. 


1D. M. Dennison and T. H. Berlin, Phys. Rev. 70, 58 (1946). 


X3. Two Cavity Operations of Yale Linear Electron 
Accelerator. R. L. McCartuy, J. A. Locxwoop, P. J. 
Rice, H. L. Scnuttz, Yale University.*—Description of 
this accelerator! and results of preliminary operation of 
single cavities with respect to electron energy spectra and 
beam characteristics have been reported previously.2 A 
highly stable frequency source has been employed to 
drive two triode amplifiers. Each amplifier feeds one 
resonator of a set of two mutually uncoupled resonators 
of 3 in. and 7 in. length whose resonant frequencies have 
been adjusted to be the same. Relative phase between the 
oscillations in each were controlled by.a phase shifting 
section between one amplifier and its associated resonator. 
Results of experiments on acceleration of electrons in this 
system will be reported in detail. 

* Assisted by the Office of Naval Research 


1H. L. Schultz e¢ al., Phys. Rev. 72, 346 (1947). 
2 Bull. Am. Phys. Soc. 1947 Annual Meeting. 


X4. Electron Ballistics in the Yale Linear Accelerator. 
C. L. Crark, Yale University.*—Results will be presented 
of detailed calculations on the motion of electrons in the 
first two cavities of the Yale linear accelerator.! In this 
design cavities driven by separate amplifiers operating from 
a common master oscillator are kept so loosely coupled 
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that the relative phase of the fields in successive stages can be 
held at any desired value. General features of both axial and 
radial motions will be discussed, and their bearing on 
design problems indicated. Numerical results to be re- 
ported concern homogeneity,! bunching, and focusing. 
The compatibility of these last will be discussed, and the 
argument from Earnshaw’s theorem? will be considered in 
the light of the arbitrariness of phases in the Yale design. 
Assumed parameters are approximately as follows: con- 
tinuous injection at 5 kev; first cavity 3 in. long, second 
cavity 7 in., each dissipating 400 Kw in the TMoio mode 
at. 600 Mc/sec. The chief departure from experimental 
conditions’ lies in assuming rectangular pulses, those ob- 
tained in practice being more nearly triangular. 

* Assisted by the Office of Naval Research. 

1H. L. Schultz et al., Phys. Rev. 72, 346 (1947). 

2 Ginzton, Hansen, and Kennedy, Rev. Sci. Inst. 19, 89 (1948) and 


eye therein cited. 
i L. Schultz e¢ al., Bull. Am. Phys. Soc. 23, No. 229 (January, 
1948). 


X5. Compact Electrostatic Generator for Positive Ion 
Acceleration.* C. P. SWANN AND E. L. Hupspetu, Bartol 
Research Foundation—The Bartol generator! has been 
greatly improved in reliability of operation through 
changes made during the past several months. Textolite 
control rods, which caused one fire, have been replaced by 
Pyrex rods. Storage tanks were installed so that a freon- 
nitrogen mixture may be used as the insulating gas. 
An all-glass ion source, of the capillary type, operating 
with 120 volts d.c. and a 15-watt oxide-coated filament, 
gives an arc of over 500 milliamperes. Tube currents vary 
from a few tenths to several microamperes of resolved 
ions. The freon-nitrogen mixture may be pumped from the 
pressure vessel, the latter hoisted to expose the main ele- 
ments of the generator, the pressure vessel replaced and 
operation resumed in less than three hours. Maximum 
operating voltage at present is 1.75 Mev, which corre- 
sponds to 350 kilovolts per foot of accelerating tube. This 
limit is imposed by the tube itself, and indications are 
that it may be increased quite appreciably. 


* Assisted by the Office of Naval Research. 

1W. E. Danforth and E. L. Hudspeth, Phys. Rev. 60, 170 (1941). 
An account of all phases of work on this generator will be published 
soon by Danforth, Hudspeth, Mandeville, and Swann. 


X6. Methane Proportional Counter for Beta-Counting. 
C. J. BorKowskI AND E. FatrstEIn, Oak Ridge National 
Laboratory.—Counters filled with methane and operated 
in the proportional region with a gas amplification of 
10,000 have been developed for precision counting of beta 
particles, gamma rays, X-rays, and soft conversion elec- 
trons. Plateaux of 400 volts are obtained with a slope of 
1 percent or less per 100 volts. Using 0.5 mil tungsten 
center wire and methane at one atmosphere, the operating 
voltage is 2200 volts. With a specially designed chamber 
similar to the one described by J. A, Simpson! and a 
continuous flow of methane at atmospheric pressure, the 
counting of soft radiation is made possible without window 
or air absorption. H* beta-particles have been counted from 
solid sources in this type of counter. Counting yields as high 
as 75 percent are obtained for beta-emitters like C™, S*, 
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P%, These counters have been operated continuously for 
more than a year with no change of characteristics. 

High speed counting is possible since the coincidence 
loss is only 1 percent per 100,000 counts per minute. 

Energies of beta particles below 50 kev may be deter- 
mined with this type counter since the counter is operating 
in the proportional region. This document is based on 
work performed for the Atomic Energy Project. 

1J. A. Simpson, Jr., Rev. Sci. Inst. 18, 884 (1947). 


X7. Deadtime Theory.* S. S. FRIEDLAND, Memorial 
Hospital and New York University, AND A. D. KRUMBEIN, 
New York University—The deadtime of a self quenching 
counter is defined as the time it takes the positive ion 
sheath formed in the vicinity of the central wire, to move 
from there to a distance such that the field surrounding the 
wire will have recovered sufficiently to support an ob- 
servable avalanche. Stever! has derived an expression for 
the deadtime. In his derivation, he assumed the mobility 
of the positive ion sheath was constant even though it 
was moving through a region of variable E/p. An examina- 
tion of Hershey’s? data, shows that we can approximate the 
variation of the mobility in deadtime region by the expres- 
sion k= Ar, where k is the mobility, r is the distance of the 
sheath from the wire center, and A is a constant. Stever’s 
experimental values disagree with theory by a factor of 4. 
If we insert the above expression into his equations, and 
again solve for the dead-time, we find that the experi- 
mental values now agree with theory within 2 percent. 


* This work was supported in part by the Office of Naval Research. 
1H. G. Stever, Phys. Rev. 61, 38 (1942). 
2A. V. Hershey, Phys. Rev. 56, 908 (1939). 


X8. A Proposed Self-Controlled Cloud Chamber. 
MARTIN J. CoHEN, Princeton University.*—Pfeliminary 
results indicate that the functions of a Wilson cloud cham- 
ber and a pulse ionization chamber can be performed in the 
same volume of gas. The mechanism is the following: A 
heavy ionizing event produces electrons and positive ions 
in the gas mixture (argon and alcohol). The electrons are 
collected as such within 10 microseconds by the signal 
electrode which is connected to a high gain, wide band 
amplifier (model 100). After amplification the signal 
short-circuits the electron collection field and expands the 
cloud chamber to produce “tracks” on the less mobile 

- positive ions. A conventional cloud chamber with a rubber 
diaphragm is used. The signal electrode is a transparent 
conducting layer on the front surface of the chamber. It 
is connected directly to the first grid of the preamplifier. 
The negative potential is applied to an insulated, per- 
forated brass plate to which the black velvet background 
is also attached. Measurements show that the condensible 
vapor in the cloud chamber does not capture electrons to a 
sufficient extent to preclude operation of the combination 
of a cloud and ion chamber. Ethyl, N-propyl, iso-amyl 
alcohols and cyclohexanol have been tried. 


* This work is performed under Contract with the Office of Naval 
Research. 


X9. Background Eradication of Nuclear Emulsions 
by Accelerated Fading of the Latent Image. HERMAN 
YAGODA AND NATHAN KapLan, National Institute of 
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Health—A study of the factors controlling the rate of 
fading of the latent image produced by densely ionizing 
radiations in fine-grained emulsions reveal that traces of 
H.0:2 in the vapor phase cause very rapid destruction of 
the latent image. After desiccation of the plate the emul- 
sion is restored to its original sensitivity. This permits the 
eradication of the accumulated background of alpha-ray 
tracks arising from continuous registration by internal 
radioactive impurities prior to exposure to feeble sources 
of radiation under study. By maintaining the exposure in a 
dry, H2O:2 free atmosphere at low temperature quantita- 
tive recording is possible for periods longer than 2 months. 
Under these conditions single a-tracks accumulate at a 
rate of 8-100/cm?/day depending on emulsion purity and 
thickness. Low energy alpha-ray stars originating from 
successive decay of traces of Th and Rd Th in the gelatin 
generate ~0.3 multiple events/cm?/day. Near sea level, 
the controlled exposure indicates a daily rate of proton 
and meson tracks of 0.03-.06/cm~*; and a population of 
0.0005/cm? nuclear evaporations induced by cosmic radia- 
tions. This method is applicable only to fine-grained nuclear 
type emulsions as Eastman NTA and Ilford Conc. With 
coarse-grained, light-sensitive emulsions the H2O2 vapor 
produces pseudophotographic effects. Mechanism of 
spontaneous fading will be described. | 


X10. Particle Tracks in Emulsions Showing Grain 
Gradation. W. VAN DER GRINTEN, General Electric Com- 
pany.—Current photographic processing techniques, carry- 
ing the development of nuclear plates practically to com- 
pletion do not lead to significant differentiation among the 
amounts of silver precipitated on individual grains. A new 
technique for producing such differentiation will be de- 
scribed involving the tse of a special developer combined 
with partial development. Thus silver halide grains, struck 
by a particle of low specific ionization, produce a track 
composed of small transparent silver specks, whereas 
similar grains, struck by a particle of high specific ioniza- 
tion produce larger and opaque specks. This “grain grada- 
tion” greatly facilitates the differentiation between alpha 
and proton tracks. So far, low-concentration developing 
agents active only in the form of ions carrying two or more 
negative charges have been found to produce grain grada- 
tion. The bromide concentration is not critical and may be 
kept low. This allows one to bring practically all develop- 
able grains to the level of visibility. A minimum developer 
temperature exists below which grain gradation disappears. 
It is believed that the rate of growth of individual develop- 
ment centers has been homogenized under present condi- 
tions and that, consequently, grain gradation is a measure 
of the number of development centers per grain. Photo- 
micrographs, including betatron stars, will be shown. 


X11. Removal of Latent Image in the Powell Photo- 
graphic Plate Technique. JoszepH Der FELICE, Stevens 
Institute of Technology. (Introduced by G. J. Yevick).—For 
the absolute count of cosmic ray events at high altitudes 
it would be convenient to have plates free from tracks 
prior to the balloon flight. The procedure of Liebermann 
and Barschall! proved satisfactory for the removal of all 








latent images from 100 micron Ilford C2 plates. The effect 
of this process on the grain count for alpha tracks from 
uranium was determined as follows: Two groups of plates 
were used; the first group was put through the removal 
process while the second group was untouched. These two 
groups were then loaded with uranyl nitrate. The grain 
density (number of grains per unit length) of the first 
group turned out to be about one-fifth less than that of the 
second group. This is compensated in part by the fact that 
the length of the tracks in the first group was slightly 
longer (about one-tenth) than the second group. This 
appears to be due to a swelling of the emulsion. The abso- 
lute number of grains per track in the first group was 
about one-tenth less than the second. 
1 Liebermann and Barschall, Rev. Sci. Inst. 14, 89, 1943. 


X12. Scintillation Counting with Anthracene. P. R. BELL 
anpD R. C. Davis, Oak Ridge National Laboratory.*— 
Anthracene has proved more satisfactory for use with 
1P21 photomultiplier as a scintillation counter than 
napthalene. Cobalt 60 gamma-rays produce 3.5 times larger 
pulses in anthracene than in naphthalene permitting the 
use of a lower background counting rate. A polonium 
beryllium neutron source gave five times greater counting 
rate with anthracene than with naphthalene. The maximum 
pulse size was also five times as great in anthracene. The 
counts were shown to be due to fast neutrons by an ab- 
sorption curve in lead and in cadmium. The fast neutron 
detection efficiency seems to be 10-15 percent. 

* This work as done under Contract No. W-35-058, eng. 71. 


X13. A Gamma-Ray Isodosimeter. L. D. MARINELLI 
AND G. J. Hine, Sloan-Kettering Institute——The investiga- 
tion of the spatial variation of y-ray dose in the vicinity 
of extended 3-dimensional sources is tedious and cumber- 
some. This applies to both experimental methods and 
numerical calculations. The apparatus to be described 
records automatically lines of equal radiation doses (iso- 
doses) in a given plane. The isodose curves obtained in 
different parallel planes complete the radiation field of an 
extended y-ray source. The instrument consists of an 
ionization chamber, a feed-back amplifier and a servo- 
mechanism. The latter moves the chamber linearly to or 
from the slowly rotating y-ray source according to whether 
the amplified ionization current is smaller or greater than 
a pre-set value. The motion of the chamber is recorded on 
a platform which rotates synchronously with the source. 
Preliminary results show good agreement with calculations 
made of linear sources.! Further observations with metal 
foils irradiated in nuclear reactors will be presented. 

1E, H. Quimby, Radiology 43, 572, 1944. 


Molecular Structure and Nuclear Moments 


Y1. Nuclear Quadrupole Moments of N" and I!”.* 
C. H. Townes, Columbia University —Nuclear quadrupole 
moments of Cl and Br have been obtained from microwave 
measurements of quadrupole couplings and using atomic 
orbitals as an approximation to molecular wave functions 
near the nucleus. Atomic beam measurement of the Cl* 
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quadrupole moment shows that the result obtained is 
essentially correct in the case of Cl?. A similar calculation 
from microwave data gives a value for the I?” quadrupole 
moment —0.75X10-* cm?, somewhat larger than the 
value —0.45+.15X10- obtained from atomic emission 
spectra. The N™ quadrupole is more difficult to obtain 
because the atomic orbital approximation is less accurate 
for light elements and because of uncertainties in the 
nitrogen bond structure. However, a comparison of the 
N* quadrupole coupling in various molecules shows that 
the normal nitrogen bonds involve considerable s,p hybrid- 
ization. This conclusion, as well as comparison with the 
quadrupole coupling in AsF3, allows a fairly definite 
determination of the quadrupole moment sign as positive 
and an approximate evaluation of its magnitude as 0.02 
X10-*4 cm?. 


* Work supported by the Signal Corps. 

1C, H. Townes, Phys. Rev. 71, 909 (1947). 

?L. Davis, B. T. Feld, C. W. Zabel, and J. R. Zacharias, Phys. Rev. 
73, 525 (1948). 

3K. Murakawa, Zeits. f. Physik. 114, 651 (1939). 


Y2. Microwave Rotational Absorption in D.O.* M. W. 
P. STRANDBERG, Massachusetts Institute of Technology.— 
A rotational absorption in heavy water, at 20460.40 
mc/sec. has been observed and has been identified on the 
basis of its Stark effect. The observed Stark pattern shows 
a simple displacement of the absorption according to the 
formula, 

Av=1.052E? mc/sec. 


where £ is the electric field strength in kilovolts per 
centimeter. The line intensity is the order of magnitude of 
that of the 6.3;—5_,; transition in H:O and the 5:;—59 
transition in HDO. On the basis of the known term values! 
no obvious identification is possible. However, if the 
relative values of the 3_2 and 22 terms are interchanged a 
reasonable fit can be made with the observed Stark effect. 
If the term value of the 3_: level is taken to be 73.81 cm™ 
and the 2,2 level taken as 74.50 cm™ the theoretical Stark 
effect for this transition proves to be 


Av=p°E*(.2472 —.01261.M?) mc/sec. 


This is fitted to the observed pattern with a dipole moment 
of 2.04+.04 Debye units. Though some dependence on 
the magnetic quantum number is indicated the fit seems 
good enough since the dipole moment is reasonable and 
the predicted intensity? checks well with the observed 
value. On the basis of this identification a relation between 
the. extreme reciprocal moments of inertia is readily 
calculated as 


a=.2502+3.1994¢ cm. 


Minimizing the change in the Fuson, Randall, Dennison 
values a= 15.38, c=4.83, this equation gives a= 15.55 cm™ 
and ¢c=4.79 cm=. . 


* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and O.N.R. 

1N. Fuson, H. M. Randall, and D. M. Dennison, Phys. Rev. 56, 
982 (1939). 
a9 5} W. King, R. M. Hainer, and P. C. Cross, Phys. Rev. 71, 433 


Y3. Pure Rotational Spectrum of AsF*. B. P. DaILEy, 
K. Rusinow, R. G. SHULMAN, AND C. H. Townes,* 
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Columbia University —Twelve lines of the rotational 
transition J = 1—J=2 of AsF; were observed by the Stark 
modulation method near 23,500 mc. Ten of these lines are 
produced by the K=0 and K=1 levels of the ground 
vibrational state. They fit the hyperfine pattern expected 
from the nuclear quadrupole moment of As. This confirms 
a spin of $ for As?5. The remaining two lines are probably 
due to excited vibrational states. Calculated intensities 
are approximately 10-7’ nepers/cm. From the frequencies 
of the observed lines, values of Byp=.19610 cm= and of 
Ip=142.7 10-” g-cm? may be calculated. Assuming the 
F—As—F angle 100+5°, the As—F internuclear distance 
is 1.712+.006A as compared with 1.73+.02A from elec- 
tron diffraction measurements.! The quadrupole coupling 
constant, eQ(d?V/dz*), is —235 mc. Since the quadrupole 
moment as As” is 0.3X10-* cm?, this large coupling 
indicates considerable s,p hybridization of the As bond 
rather than a pure p-orbital. 


* Work supported by the Signal Corps. 
1L. Pauling and L. O. Brockway, J. Am. Chem. Soc. 57, 2685 (1935). 


Y4. Microwave Zeeman Spectra of Methyl-Chloride 
and Some Nuclear Properties of Chlorine.* C. K. JEN, 
Harvard University—It has been shown previously! that 
the microwave Zeeman spectrum of NH; can be satis- 
factorily explained on the basis of approximately equal 
g-factors for nuclear and molecular magnetic moments in 
the spin-rotation coupling scheme. This explanation was 
later substantiated by experiments on N!5H; which, having 
no nuclear electric quadrupole coupling, yielded directly a 


molecular g-factor for N'5H; in good agreement with the 
molecular g-factor deduced theoretically for N'4H;. Further 
experiments have since been done on CH;3Cl. The J=0—1 
rotational lines for both CH;Cl** and CH;Cl3?, already 
published,” have been found here, using a resonant cavity 


as the absorption cell. In a weak magnetic field, the 
central line for either molecule remains at the same position 
but is considerably weakened, while each of the two side 
lines is split into a symmetrically displaced doublet. 
Within the experimental limitations of resolution and 
sensitivity, the Zeeman pattern and the frequency separa- 
tions are consistent with theoretical calculations, if we 
assume, for either Cl isotope, a spin J= § together with the 
known value for the nuclear g-factor, and a negligible 
contribution due to the molecular magnetic moment. 


* This research is supported jointly by the Office of Naval Research 
and the Signal Corps. 
. Jen, Bulletin, Am. Phys. Soc., Vol. 23, No. 2, January, 1948 
Pine G2). 
oer). Gordy, J. W. Simons, and A. G. Smith, Phys. Rev. 72, 344 


YS. Microwave Determination of the Molecular Struc- 
tures and Nuclear Couplings of Methyl Chloride, Methyl 
Bromide, and Methyl Iodide.* James W. Simmons, 
WALTER Gorpy, AND A. G. SmitH, Duke University.— 
Accurate measurements on the pure rotation spectra of 
methyl chloride, bromide, and iodide have been made 
with multiples of the standard 10 mc frequency of WWV. 
The measurements, with the I4 values** previously deter- 
mined by infra-red spectroscopy, allow a complete deter- 
mination of the structures of CH;Cl and CH;Br. The Ig 
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values for the ground vibrational state in g-cm? X10- are: 
63.1138 for CH;CI**, 64.1009 for CH;CI*’, 87.6835 for 
CH;Br”, 88.0180 for CH;Br®, and 111.505 for CH;I2’, 
The molecular dimensions obtained are: for methyl 
chloride, dco =1.109A, doci=1.779A, ZHCH=110° 0’; 
for methyl bromide, dco = 1.104A, dcpr=1.936;A, ZHCH 
= 110° 15’; for methyl iodide, dog =1.105A, do, =2.132A, 
ZHCH=110° 15’ (assumed). The nuclear quadrupole 
couplings, eQ(0?V/dz*), are: for Cl®, —75.13 mc; for Cl’, 
—59.03 mc; for Br79, 577.0 mc, for Br® 482.0, for I’, 
— 1934 mc. Second-order effects in the hyperfine struc- 
ture were observed for methyl bromide and methyl iodide. 

* The research described in this report was supported by Contract 
with the Army Air Forces. 

** The value of 4 used is 6.624 X10~?’ erg sec. 

Y6. A Note on the Stark Effect in Diatomic Molecules. 
W. A. NIERENBERG AND M. SLOTNICK, Columbia Uni- 
versity.—The hyperfine structure arising from the orienta- 
tion dependent interaction of each nucleus with the other 
charges of a polar diatomic molecule in a constant electric 
field are considered. For weak fields, a method is given for 
determining the level splittings for a general type of 
nuclear interaction, but where one nucleus interacts more 
strongly than the other. For both weak and strong fields, 
explicit formulas are given for the case of a quadrupole 
interaction of one of the nuclei (nucleus 1) and a cosine or 
“JT-J’’ interaction of both nuclei. The ‘‘J2-J” interaction 
removes the degeneracy with respect to nucleus 2 and 
causes an additional splitting of the usual quadrupole 
hyperfine structure levels.! This splitting is observed in 
recent molecular beam experiments of Trischka with CsF 
and KF. It is found that the perturbation due to I-J 
interactions may be treated as independent of the mixing 
of J states arising from a strong electric field. 

1U. Fano, J. Research Nat. Bur. Stand. March, 1948. 


Y7. Saturation Effects in Microwave Spectra.* R. J. 
Watts, WILLIAM J. PIETENPOL, JOHN D. ROGERS, AND 
DupbLey WILLIAMs, The Ohio State University.—Saturation 
effects in microwave spectra have been observed by numer- 
ous investigators. The published data on the changes in 
absorption coefficients are in essential agreement, but data 
on line broadening are in disagreement. Townes! and Pond 
and .Cannon? report pronounced line broadening, while 
Gordy and Kessler? and Smith and Carter‘ have reported 
their failure to observe appreciable broadening. The results 
reported here are in essential agreement with those of 
Pond and Cannon. Changes in observed line heights and ° 
widths of the ammonia 6,6 line with changes in incident 
power level will be discussed. The observed results can © 
be interpreted in terms of a disturbance of the normal 
Boltzmann distribution of molecules between ground and 
excited state when radiation density is high. 


* Work done under Contract W28-099-ac-179 between Watson 
Laboratories of the Air Materiel Command and the Ohio State Uni- 
versity Research Foundation. 

1C. H. Townes, “at Rev. 70, 665 (1946). 

2T. A. Pond and W. F. Cannon, Phys. Rev. — 1121 (1947). 

3 W. Gordy and M. Kessler, Phys. Rev. 71, 640 (1947). 

4W. V. Smith and R. L. Carter, Phys. Rev. 72, 638 (1947). 


Y8. New Bands in the Vibration-Rotation Spectrum 
of Water Vapor. W. S. BENeEpicT, National Bureau of 
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Standards.—Reinvestigation of the vibration-rotation spec- 
trum of H,O from the atmospheric absorption in the solar 
spectrum 6600 to A13495' has yielded several new 
features. Over 1600 lines have been assigned on the basis 
of relative intensity and constant combination differences 
in the ground state, to higher rotational transitions in 
known bands, and to ten new, relatively weak, satellite 
bands. Some of the new bands are of the parallel type. 
Perturbations of rotational levels of one vibrational state 
by its neighbors make it difficult to obtain accurate 
effective moments of inertia. The identification, position 
of the zero level, approximate effective reciprocals of 
inertia, and approximate relative intensity of the new 
bands are listed: 


Upper Level 
Symmetry Ae Be Ce Intensity 
Vi Vz Vs Species (cm"t) (cm!) (cm=!) (cm71) [(111) =50] 
‘& @ Ai 8273.98 39.9 14.7 8.7 a 
0 3 1 Bi 8373.90 38.9 14.7 8.8 15 
a 3 ? Ai 8761.5 28.1 14.5 8.9 4 
0 1 2 Ai 9000.14 28.9 14.4 8.9 6 
0 4 1 Bi 9834.9 45.8 14.9 8.6 1 
. @ @ Bi 10328.9 32.1 14.5 8.6 12 
1 O 2 Ai  10867.8 25.3 14.1 8.9 5 
' & § Bi 11813.44 37.1 14.6 8.4 1 
££ £2 Ai 12407.65 7.8 14.2 8.7 1 
= @ 2 Bi 13652.65 31.4 14.2 8.5 1 
1H. D. Babcock and C. E. Moore, Carnegie Inst., Washington, 


Publication 579 (1947). 


Y9. An Analysis of the 2.6 Mu Band of H.S by Punched- 
Card Methods.* GILBERT W. KING AND R. M. Harner, 
Arthur D. Little, Inc——A rather poorly resolved band of 
H2S at 2.6 mu was described! several years ago, but has 
hitherto not been analyzed. Using punched-card methods 
we assumed moments of inertia for the ground state 
obtained from an analysis? of the band at 9911 cm and 
calculated the expected spectrum for thirty-five choices of 
upper-state moments and ten different slit-shape functions. 
A fairly satisfactory fit was found for moments 2.71, 2.90, 
6.02 X 10- g-cm? and band center 3789 cm~. The induced 
dipole is definitely parallel to the least moment, although 
excellent fits in the P and R branch could equally well be 
made for the moment parallel to the intermediate moment. 
The effective slit width for the observed spectrum was 
determined, and seems to change from 1 cm™ in the P 
branch to 5 cm™ in the R branch. The appearance of the 
calculated and observed spectrum was computed for wider 
slits (10 cm™) and found to agree very well with prism 
data.® 

* This work was done with support of the Office of Naval Research. 

1H. H. Nielsen and E. F. Barker, Phys. Rev. 37, 727 (1931). 

2P. C. Cross and B. L. Crawford, Jr., J. Chem. Phys. 5, 621 (1937). 

3 E. A. Wilson, Ph.D. Thesis, Brown University, 1947, 

Y10. Infra-Red Absorption Spectra of Ethyl and of 
n-Propyl Alcohol. E. K. PLyLer anv S. L. KRvuEGEL, 
National Bureau of Standards.—The infra-red absorption 
spectra of the vapors of ethyl and of n-propyl alcohol have 
been measured in the region from 2 to 40 microns. To 
obtain good resolution throughout this region, prisms of 
LiF, NaCl, KBr, and TIBr—I were used. In ethyl alcohol, 
19 bands have been observed, 7 of which are sufficiently 
strong to be found with cells of short length. A meter 
path was required to bring out some of the weaker bands. 
Some of the bands have been related to the C-H, O—H, 
and C—O vibrations within the molecule. Considering the 
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arrangement of the two C and the O atoms as a simple 
triatomic molecule, 3 observed bands can be related to the 
vibrations of this skeletal'‘structure. A band found in the 
region of 40y is attributed to the hindered rotation within 
the molecule. Seventeen bands have been observed in the 
vapor of n-propyl alcohol. The classification of these bands 
in relation to the structure of the molecule is similar to 
that for ethyl alcohol, except in the skeletal vibrations 
where three C and an 0 are involved. This gives rise to 
additional bands in the 6.5 to 13, region. 


Y11. Force Constant Calculations for the X,Y, Molecule. 
Harotp W. WooLLeEy, National Bureau of Standards.— 
Force constant calculations have been carried out for the 
tetrahedrally symmetric -X,Ys molecule using symmetry 
coordinates and the matrix methods of Wilson. With 24 
internal degrees of freedom, there are 300 quadratic 
potential energy terms involving 19 force constants. 
Vibrational frequencies of the A1, E, and 7; symmetry 
classes involve quadratic equations while the 7; symmetry 
class has a quartic equation. Only the 7; vibrations are 
inactive in both infra-red and Raman, With oniy 8 fre- 
quencies observable in principle and without data for the 
isotopic molecules, the force constants are not definitely 
determinable. Examples of the X,Y. molecule are P.O, 
and As,O.. Calculations have been made in regard to a 
postulated B,O. molecule, using force constants and 
observed frequencies based on other molecules involving 
B and O, including solid (B20s)-z. 


Y12. An Explicit Solution of the Problem of the Asym- 
metric Rotator According to Quantum Mechanics.* ENos 
E. WitMER, University of Pennsylvania.—An explicit and 
exact solution of the problem of the asymmetric rotator 
according to quantum mechanics has been obtained. Both 
the energy and the wave functions are in the form of 
infinite series. This solution is an elaboration or imptove- 
ment of the one previously published by the writer.! The 
new solution takes account of K-type doubling and gives 
all the wave functions. This solution is in very close 
correspondence with the solution of the asymmetric 
rotator according to the old quantum theory published by 
the writer.? As in that theory the domain of variation of 
the parameters is divided into two parts and different 
expansions are used in the two parts. The correspondence 
principle and numerical checks lead us to believe that the 
new series for each of the partial domains are convergent 
over the whole of that partial domain. The formulas may 
be written so that the coefficients after the first one are 
functions of the quantum numbers alone. Numerical tables 
of the coefficients in these series are being made. 


* Supported by Bureau of Ships, Department vod by Navy. 

1E. E. Witmer, Proc. Nat. Acad. Sci. 13, 60 (1927). 

? E. E. Witmer, Proc. Nat. Acad. Sci. 12, 602 (1926). 

Y13. Fluorescence of Fluorobenzene.* ARNOLD M. 
Bass AND H. Sponer, Duke University.—The fluorescence 
of fluorobenzene vapor corresponding to the absorption 
spectrum in the near ultraviolet was examined. The 
fluorescence was excited by light from ,various sparks, 
chiefly a Sn spark which has a strong line at 2643A practi- 
cally coincident with the 0, 0 absorption band. The 
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observed fluorescence conforms to the conditions of “high 
pressure” fluorescence. In order to control the exciting 
wave-length region, cut-off filters of organic solutions were 
used. The spectrum was photographed in a medium 
Bausch and Lomb quartz spectrograph. It extends from 
about 2640 to 2900A and consists of discrete bands the 
number of which varies with conditions of excitation. 
Discrete fluorescence bands of fluorobenzene have been 
observed before by Monypenny and Russell! upon exciting 
the vapor by the light from a mercury arc. A comparison 
between their results and ours gives only partial agreement. 
A preliminary analysis reveals that ground state fre- 
quencies of 800,999 and 1027 cm™ occur single, and in 
multiples and combinations. These frequencies have also 
been found in the absorption spectrum and in the Raman 
effect. Although most bands can be explained in analogy 
to the absorption spectrum, there are several interesting 
differences between fluorescence and absorption bands 
which need further clarification. 


* This work was supported by the Office of Naval Research. 
1H. W. Monypenny and A. Russell, J. Chem. Soc. 2436 (1929). 


Artificial Radioactive Substances 


" Zl. Radioactive Ga‘’, Ge, As’, and As”. D. A. 
McCown, L. L. Woopwarp, M. L. Poort, anp H. L. 
Finston, The Ohio State University —Ge™, in the form of 
GeO: powder, enriched electromagnetically from 21.2 
percent to about 90 percent,* has been bombarded with 
alpha-particles with simultaneous bombardment of GeO: 
containing germanium of normal isotopic constituency. 
Both samples showed a strong activity of 7.1-hour half-life 
which has been assigned to Se”. Neither sample showed 
evidence of the 50-hour As” period. The existence of a 
50-hour arsenic period is thus very improbable. Gallium 
has been bombarded with deuterons to obtain confirmation 
of the 195-day Ge® period. From intensity considerations 
this period should have occurred if it exists. No evidence 
of this period was found. The above alpha-particle bom- 
bardment of enriched Ge” also locates the 90-day arsenic 
period as an As” isotope. The half-life of As’, as a result 
of alpha-particle bombardment of gallium followed over a 
period of 10 half-lives, and also from deuteron bombard- 
ment of germanium followed over a period of 8 half-lives, 
is found to be 17.5+0.1 days. The half-life of Ga*’, from 
alpha-particle bombardment of zinc followed over a period 
of 10 half-lives is found to be 3.26+0.03 days. 

* Supplied by the Y-12 plant, Carbide and Carbon Chemicals Cor- 
poration, through the Isotopes Division, U. S. Atomic Energy Commis- 
sion, Oak Ridge, Tennessee. 

Z2. Beta- and Gamma-Radiations of Arsenic!®. C. S. 
Wu, W. W. HAveEns, JR., AND L. J. RAINWATER, Columbia 
University.—A source of Arsenic AS’* obtained from the 
Oak Ridge pile was investigated, with respect to its beta- 
and gamma-rays, by the use of a helical focusing magnetic 
spectrometer and coincidence counting methods. Gamma- 
ray energies of the AS’° were determined from photoelectric 
lines produced with a thin lead radiator and also from 
Compton electrons produced in brass. The energies of the 
stronger lines are 0.557 and 1.22 Mev. The weak one has 
energy 1.78 Mev. The beta-ray spectrum was measured 
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with an extremely thin source on a backing of 0.08, 
Collodin film. Fermi plot of the data gives three groups 
with end points which agreed well with the energies of the 
gamma-rays determined. Beta-gamma coincidences were 
also measured. A scheme of disintegration will be proposed. 
A search for positrons put the upper limit of the number 
of positrons less than 0.1 percent of that of electrons, 
This document is based on work performed for the Atomic 
Energy Commission. 


Z3. Radiations from the Long Period Activity of Zir- 
conium.* M. V. SCHERB AND C. E. MANDEVILLE, Bartol 
Research Foundation.—The 63-day activity was induced in 
zirconium hydroxide, irradiated by slow neutrons in the 
Clinton pile. Chemical purification was carried out for the 
removal of calcium, iron, and phosphorous as possible 
impurities. The beta rays of Zr, separated from its 
daughter elements of columbium, had a maximum energy 
of 0.40 Mev, measured by aluminum absorption. The 
maximum energy of the gamma-rays was 0.91 Mev as 
measured by coincidence absorption. The beta-gamma 
coincidence rate was 0.21 10-8 coincidence per beta-ray, 
independent of the beta-ray energy, suggesting a simple 
spectrum. The gamma-gamma coincidence rate, greater 
than the beta-gamma coincidence rate, was (0.29+0.02) 
X10-* coincidence per gamma-ray. A comparison of these 
coincidence rates with those of Sc** shows that the 0.91 Mev 
gamma-ray is non-coincident with the beta-rays and may 
be related to some other decay process. This in turn 
suggests the possibility of a confusion of isotopic assign- 
ments in the zirconium region. 

* Assisted by the Office of Naval Research. 


Z4. Radioactive Ru and Tc. D. T. EGGEN* AnD M. L. 
Poo, The Ohio State University —During a detailed study 
of the reported radioisotopes of Ru and Tc, a new isotope 
of Ru and one of Tc were found by bombarding Mo with 
alpha-particles. The Ru activity decays with a half-life of 
1.65-0.05 hours and emits 1.1-Mev positrons, 0.7-A x-rays 
and 0.95-Mev gamma-rays. Fast neutron bombardment 
of Ru also produces this activity. The Tc activity decays 
with a period of 20.0+0.5 hours and emits 0.7-A x-rays 
and 0.78-Mev gamma-rays. The Tc activity also is pro- 
duced by proton bombardment of Mo and as a daughter 
product of the 1.65-hour Ru activity. Using electro- 
magnetically separated isotopes,! alpha-bombardments 
were made on Mo®, enriched to 92 percent abundance, 
and Mo™, enriched to 75 percent abundance. This made 
possible the assignment of the 1.65-hour and 20-hour 
activities to Ru and Tc%, respectively. In addition, it is- 
possible to definitely assign the reported? 2.8-day Ru 
activity to Ru’. 

* Research Fellow of the National Institute of Health. 

1Supplied by the Y-12 plant, Carbide and Carbon Chemicals Cor- 
poration through the Isotope Division, United States Atomic Energy 
Commission, Oak Ridge, Tennessee. 

2W. H. Sullivan, N. R. Sleight, and E. M. Gladrow, Phys. Rev. 70, 
778 (1946). 

ZS. Nuclear Isomers Produced by Slow Neutron Cap- 
ture. M. GOLDHABER AND C. O. MUEHLHAUSE, Argonne 
National Laboratory.—A systematic investigation of nu- 
clear isomers produced by slow neutron capture has been 


under way for some time. Some of the results are the 
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following: The 48-minute isomeric transition in Cd is 
assigned to Cd!!* by observing the (m,y) reaction in 
enriched Cd", The 17.5-sec. isomeric transition in Se is 
assigned to Se’’* by observing the (m,y) reaction in 
enriched Se”*. Thus for both Cd and Se the metastable 
state is assigned to an odd mass nucleus in agreement with 
Mattauch’s rule. The 72-sec. In" isomer is produced by 
bombarding enriched In"* with thermal neutrons. The 
partial isotopic cross section is found to be (2+0.3) x 10-4 
cm?, ~3 percent of the capture cross section of In", The 
metastable state of Cs! is assigned to the 3-hour period. 
Internal conversion electrons as well as characteristic Ka 
radiation of Cs are observed. The energy of the transition 
is ~160 kv. The internal conversion electrons from the 
6.6 min. isomeric transition in Cb” have been observed, 
as well as characteristic Ka radiation of Cb. The energy 
of the transition is found to be ~50 kv. It leads to a 
long-lived ground state, the activity of which has so far 
not been detected (T>100 years). 


Z6. Cloud-Chamber Measurements of Cadmium Cap- 
ture Gamma-Rays. C. D. MoaKk anp J. W. T. Dasss, 
Oak Ridge National Laboratory (Introduced by E. O. 
Wollan).—A study of the capture gamma-rays from 
cadmium has been made by measuring the energy of the 
pairs produced in a 0.008 cm. Pb radiator in a cloud 
chamber operated in a magnetic field of about 1400 gauss. 
To reduce the errors arising from scattering, the chamber 
was filled with helium at a pressure of 3 atmospheres. 
About 30,000 stereoscopic photographs have been taken 
which have yielded some 400 acceptable pairs. The pair 
distribution versus energy plot, and the corresponding 
gamma-ray intensity versus energy curve will be presented. 
Measurements so far made on about 100 pairs show a 
peaking of the gamma-ray intensity at about 5 Mev. 


Z7. Separation of the Isomers of Indium 112 and 
Indium 114 in an Electric Field.* G. J. GoLDsMmITH, 
Purdue University—It has been shown! and confirmed 
that chemical changes induced in a molecule by the 
isomeric transition of one of its nuclei produce ions which 
can be collected on an electrode placed in a non-conducting 
solution of the compound. Indium 114 dissolved in chloro- 
form as the 8-hydroxy quinolate was subjected to a field 
of the order of 8000 volts per centimeter between nickel 
electrodes (23 cm.) spaced about 1 or 2 mm. apart for 
various periods up to twenty minutes. The deposit on the 
anode was found to have the expected half life of 72 
seconds superimposed on a weak background of the long 
lived upper.state. Similarly, in the case of the In!” isomers, 
the 9 minute period of the ground state was found con- 
firming the growth curve analysis of Smith, Tendam and 
Bradt.? 


* Supported by the Office of Naval Research. 
1 Capron, Stokkink, and van Meerssche, Nature 157, 806 (1946). 
2 Tendam, and Bradt, Phys. Rev. 72, 1118 (1947). 


Z8. Gamma-Radiation from Tellurium and Samarium. 
J. M. Cork, R. G. SHREFFLER, AND C. M. FOWLER, 
University of Michigan.—As a result of the many previous 
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investigations on tellurium it had been concluded that, 
from the 8 known stable isotopes, 8 radioactive emitters, 
consisting of four sets of isomers, existed. A sample of 
metallic tellurium given a particularly long exposure in 
the Oak Ridge pile fails to show certain of the activities 
that might be expected. Long-lived emitters appear to be 
present, with half-lives of 8 days, 29.5 days and 25 yrs. 
The 8-day activity is undoubtedly due to iodine 131. The 
144-day activity previously ascribed to tellurium 121 is 
believed to be an excited state of one of the stable isotopes. 
This conclusion is based both on its mode of formation 
and the nature of its radiation. Several conversion electron 
groups are observed, indicating gamma-energies of 87, 108, 
and 157 kev. Other higher energy gamma-radiation is 
revealed by absorption. The K—L—M differences in 
certain of the conversion groups are characteristic of 
tellurium and not of antimony as would be expected if K 
capture or positron emission occurred first. In a samarium 
sample given a similar long exposure, a short lived (47-hr.) 
activity is observed which yields a converted gamma-ray 
of energy 102.1 kev. Terbium is present in most of the 
rare-earth elements with its strongly converted gamma- 
radiation of half-life 78 days. An additional samarium 
activity of longer half-life, emits a gamma-ray of energy 
242.4 kev which is converted. 


Z9. Internal Conversion Electrons Accompanying Slow 
Neutron Capture in Gd. O. Sata,* P. AxeL, AND M. 
GOLDHABER, University of Illinois —Amaldi and Rasetti! 
have observed that approximately one internal conversion 
electron of an energy of ~70 kev is emitted for each slow 
neutron captured in Gd. They attempted to find, by a 
mechanical method, whether the electron is delayed and 
found an upper limit for the mean lifetime of 10-* sec. 
We have resumed these attempts with an electronic 
method in the following way: Neutrons from a Po—a— Be 
source are slowed down in paraffin. The capture gamma- 
rays emitted when the slow neutrons are absorbed by Gd 
are recorded by a gamma-ray Geiger counter. The pulse 
from this counter sets off a fast sweep (0.2 microsec./inch) 
on an oscilloscope. The internal conversion electrons are 
recorded with a thin mica end window Geiger counter. 
The pulse from this counter produces a vertical deflection. 
The trace is intensified only when the two events occur 
within a microsecond. This makes photographic recording 
possible. In this way we find that the internal conversion 
electron of Gd is emitted with a mean lifetime <10~7 sec. 
relative to the capture gamma-rays. 


aes Fellow of the University of Sado Paulo, Sdo Paulo, 
razil. 
1E, Amaldi and F. Rasetti; Ricerca Scient. 10, 115 (1939). 


Z10. Radioactive Eu, Gd, and Tb. N. L. KRISBERG AND 
M. L. Poot, Ohio State University, AND CARL T. HIBDON, 
University of Colorado.—An 18.0-hour period and a weaker 
5.5-day period have been produced by neutron bombard- 
ment of gadolinium resulting in a saturation intensity 
ratio of 25. A deuteron bombardment of gadolinium gave 


, 
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a ratio of 3. The 18.0-hour period decays by emission of 
negatrons of 0.85 Mev and a y-ray of approximately 0.3 
Mev. The 5.5-day period decays by emission of negatrons 
of 0.5 Mev and y-rays of 1.28 Mev. Neither period is 
produced by fast neutron bombardment of Tb but there 
is some evidence that both are produced by fast neutron 
bombardment of Dy. Accordingly the 18.0-hour and 5.5- 
day periods are tentatively assigned Gd'* and Tb!®, 
respectively. The 62-day and 22-year periods have been 
produced by a deuteron bombardment of europium. The 
latter figure has been estimated from observations ex- 
tending over five years. The decay is by emission of 
negatrons of 0.9 Mev and by y-rays. The 62-day period 
is probably attributable to Gd'®* and the 22-year period 
to Eu, 


Z11. The Beta- and Gamma-Radiation of W™ and Au™.* 
RoGER G. WILKINSON AND CHARLES L. PEAcOocK, Indiana 
University The radiation of W'87 produced both by 
deuteron and neutron bombardment has been re-investi- 
gated.! The beta-ray spectrum consists of two groups with 
end points at 0.63 and 1.33 Mev. Four gamma-rays are 
observed with energies of 0.69, 0.62, 0.48, and 0.21 Mev. 
There is some evidence of another gamma-ray at 0.14 Mev, 
but owing to strong counter window cut-off in this region, 
the presence of this and other low energy gamma-rays 
reported by Valley? cannot be substantiated. A tentative 
decay scheme for W!8? will be proposed. Our determination 
of the radiations from Au’ are in good agreement with 
_ that of Siegbahn.* The beta-ray spectrum appears simple 
with an end-point at 0.97 Mev, each beta-ray being 
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followed by a 0.41 Mev gamma-ray. The gamma-ray is 
converted with a K conversion coefficient of 2.5 percent. 


* Supported by the Office of Naval Resear 

1 Schwartz and Pool, Phys. on n. 122 (1947). 
2 Valley, Phys. Rev. 59, 686 (19 

3 Siegbahn, Proc. Roy. Soc. 189, 9527 (1947). 


Z12. A Study of the Radiations of Two Radioactive 
Isotopes of Iridium.* C. E. MANDEVILLE AND M. V., 
SCHERB, Bariol Research Foundation.—The nineteen-hour 
activity of Ir was induced in IrOs, irradiated by slow 
neutrons for thirty minutes in the Clinton pile. Coincidence 
absorption experiments disclosed the presence of a gamma- 
ray of energy 1.43 Mev. A momentum distribution of 
secondary electrons ejected from a thick aluminum radiator 
in a magnetic spectrograph indicated an energy of 1.35 
+0.03 Mev. The beta-gamma coincidence rate corrected 
for the presence of Ir!, decreased from 0.06 X 10-3 coinci- 
dence per beta-ray at zero absorber thickness to zero at 
0.150 g/cm?. An inner beta-ray group, coupled with 
gamma-rays, then has an end point at 0.48 Mev. The 
2.2 Mev beta-rays are non-coincident with gamma-radia- 
tion. A gamma-gamma coincidence rate of (0.54+0.05) 
X10-* coincidence per gamma ray was also present in Ir™. 
The 68-day activity of Ir! was found to emit beta-rays 
of energy 0.56 Mev. The beta-gamma coincidence rate 
was 0.41 X10-* coincidence per beta-ray, independent of 
the beta-ray energy suggesting a simple spectrum and 
agreeing with an earlier report.! A gamma-gamma coinci- 
dence rate of (0.23+0.01)x10-% coincidence per gamma- 
ray was also observed. The beta-gamma coincidence rate 
suggests that each beta-ray is followed by 0.6 Mev of 
gamma-ray energy. 


* Assisted by the Office of Naval Research. 
1M. L. Wiedenbeck and K. Y. Chu, Phys. Rev. 72, 1164 (1947). 





SUPPLEMENTARY PROGRAMME 


SP1. Relativistic Field Theories.* T.S. CHANG, Carnegie 
Institute of Technology (Introduced by F. Seitz).—In a 
relativistic field theory, it is important to introduce 
Schroedinger functionals on any space-like surface and 
study their changes as the surface changes, as recently 
pointed out by Dirac. We consider here fields g(x) satis- 
fying the usual Lagrangian principle. Let S be any surface, 
(u1, U2, us) its curvilinear coordinates, and let (g(u)S]|) 
be the Schroedinger functional on it, with the nature 
of the functions g(u) not specified for the moment. The 
Schroedinger equation will be 


(g(u)S’|)— (g(u)S|)= Hau) S|), (1) 


where 5S’ is a surface slightly different from S, and J is an 
operator operating on g(u) and depending on S,5S’ and the 
choice of their coordinates. J are found so that (i) (1) is 
integrable. (ii) If we construct properly the expectation 
value of g at a point P from (g(u)S|), S being a surface 
passing through P, the expectation value is independent 
of choice of S and its coordinates u, and satisfies the 


required field equations. The special cases in which S are 
planes and J are simply related to the energy momentum 
tensors or angular momentum tensors are studied. 

* To be given after Session E if the Chairman grants time. 


SP2. An Explicit Formula for the Energy Levels of the 
Asymmetric Rotator According to Quantum Mechanics.* 
Enos E. WITMER, University of Pennsylvania.\—Starting 
with the determinant formula given by Dennison? for the 
energy levels of the asymmetric rotator the writer has 
obtained an explicit formula for the energy in the form of 
an infinite series. Actually there are two such series, 
because the domain of variation of the parameters must 
be divided into two partial domains with one series for 
each partial domain. These series formulas are the same 
as those mentioned in Abstract No. Y12, where they were 
obtained by another method. Due to the relation between 
the two formulas only one need be used for calculation. 
The formula is complicated but highly systematized and 
can be written so that the coefficients after the first one 
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are functions of the quantum numbers alone. There are 
recurrence formulae for the coefficients. The formulas for 
many coefficients in this series have been obtained already 
and many more will be obtained. Numerical tables of the 
coefficients as functions of the quantum numbers are being 
calculated in order to make the formula as useful as 
possible. 


* To be given after Session Y if the Chairman oy time. 
1Supported by Bureau of Ships, Department of the Navy. 
2D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 


SP3. A Coincidence Investigation of Lanthanum (140).* 
C. E. MANDEVILLE AND M. V. ScHERB,! Bartol Research 
Foundation.—La.O;, irradiated by neutrons in the Clinton 
pile, was separated into calcium, phosphorous, barium, 
and lanthanum. The beta-gamma coincidence rate was 
1.63 X10-* coincidence per beta-ray and appeared to be 
independent of the beta-ray energy. A strong gamma- 
gamma coincidence rate, (0.85+0.03) X10-* coincidence 
per gamma-ray was also present. Using a gamma-ray 
counter of ‘‘low Z”’ materials and the beta-gamma coinci- 
dence rate of Sc** as a calibration point, it was concluded 
that on the average, each beta-ray is followed by 2.3 Mev 
of gamma-ray energy. On the other hand, assumption of 
a detection efficiency independent of the quantum energy 
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leads to the conclusion that two gamma-rays follow each 
beta-ray, in agreement with the earlier Indiana University 
report.? 


* To be given after Session Z if the Chairman grants time. 
1 Assisted by the Office of Naval Research. 
“et a _ Mitchell, L. M. Langer, and L. J. Brown, Phys. Rev. 71, 


SP4. A High Pressure Ion Chamber Using Fast Elec- 
tron Collection.*» ** H. W. FULBRIGHT AND R. J. BRITTEN, 
Princeton University—A high pressure ion chamber has 
been built for use in analyzing the distribution in energy 
of inelastically scattered protons. Fast collection of elec- 
trons in argon gas at pressures up to 50 atmospheres is 
used. The collector is shielded from the region into which 
the protons are shot by a “Frisch grid” which has the 
effect of making all electrons freed along the proton tracks 
equally effective in carrying current to the collector. 
Pulses from the chamber are fed through a fast linear 
amplifier into a ten channel pulse height discriminator of 
the type designed by Matt Sands. With 40 atmospheres 
pressure the two peaks from normal uranium alpha particle 
groups can easily be resolved. Protons can enter the 
chamber through a 1.5 mil steel window. Curves showing 
the collection time and pulse height for various pressures 
and voltages will be shown. 


* This work was supported in part by Navy contract. _ 
** To be given after Session X if the Chairman grants time. 
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MINUTES OF THE MEETING AT 


HE 286th meeting of the American Physical 

Society, being the 1948 Summer Meeting 
in ‘‘the East,’’ was held on Monday, Tuesday, 
and Wednesday, June 21, 22, and 23, in the 
buildings of the University of Wisconsin at 
Madison. The Secretary, having been unable to 
be present, takes leave to quote from the Vice 
President: ‘‘The meeting was a very pleasant 
and successful one and apparently went off 
smoothly and was enjoyed by all who were 
there. . . . The University of Wisconsin did us 
particularly well. The accommodations in the 
dormitory were ideally pleasant, and the dormi- 
tory was extraordinarily well run, in a beautiful 
location.”” To this encomium be it added that 
the Chairman of the Local Committee was 
Professor R. G. Sachs. The dinner of the Society 
was held on the evening of June 21 in the 
Loraine Hotel. 

Invited papers in the general programme 
numbered eleven. They are listed hereinafter: 
the last of the list was inserted as a post-deadline 
paper (under authority of the by-law adopted 
by the Society in January 1948) in replacement 
of the two contributed papers numbered D9 and 
D10. Invited papers sponsored by the Division 
of Electron Physics numbered six, and these also 
are listed below. 


MADISON, JUNE 21-23, 1948 


The Council elected to Fellowship three candi- 
dates and to Membership one hundred and 
twenty-six candidates; their names are appended. 

Reports have reached the office of the Society 
that we have lost through death the following 
Fellows and Members: Ernest Merritt (retired 
from Cornell University; first Secretary and 
ninth President of the Society), John Mills 
(retired from Bell Telephone Laboratories), 
Monroe H. Sheppard (Rutgers University), 
Joyce C. Stearns (Washington University, St. 
Louis), Richard R. Syrdal (Minneapolis-Honey- 
well Company), and William Wilson (retired 
from Bell Telephone Laboratories, lately at 
North Carolina State College). 


Elected to Fellowship: J. G. Aston, W. O. Milligan, 
F. T. Rodgers, Jr. 

Elected to Membership: Pierre R. Aigrain, Niels Y. 
Andersen, Jr., Joseph O. Artman, David Balber, John L. 
Balderston, Jr., Norman Bauer, Lt. Col. Wilmer Kersey 
Benson, Manfred A. Biondi, Kenneth A. Block, Marsden 
Scott Blois, Jr., Donald E. Bode, Leonard Bogdan, Milton 
Irving Brand, Samuel Bresticker, Edmond Brown, Charles 
I. Browne, James W. Brownson, Carlo L. Calosi, Chester 
F. Carlson, Robert Lee Cason, Jr., William Joseph Conner, 
Jr., Robert Francis Cotellessa, William B. Cottrell, Leo J. 
Cronin, Jose Luis Garcia de Quevedo, Channing Dichter, 
John Richard Drake, Jr., Thomas Herbert Ellison, Hussein 
M. A. El-Sum, John E. Faulkner, William J. Filett, 
Edward S. Foster, Jr., Walter H. Gardner, Willard H. 
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Gardner, Myron Garfunkel, Eric Paul George, Haskell 
Ginns, John Wallington Glen, Robert L. Gluckstern, 
Frank J. Gordon, Mary Beth Gorman, Michael Anthony 
Grace, Ernest P. Gray, Farno L. Green, William D. 
Gwinn, Ibrahim Hamouda, Benjamin Harmatz, Donald 
B. Harris, Saul Joseph Harris, Shirley W. Harrison, 


Walter Hauser, Edward Kenneth Heffner, Richard L.. 


Henkel, Barbara Coe Herbst, Richard Wagner Hoffman, 
Alexander F. Holser, Donald Edwin Hudson, Harry H. 
Hummel, Dan W. Johnson, Jr., Orlando T. Johnson, T. B. 
Jones, James W. Kent, James Gus Kereiakes, Charles W. 
Kissinger, Leon Knopoff, George E. Koch, Herbert J. C. 
Kouts, Max Krook, Shea L. Kruegel, Rolf William 
Landauer, Igor Limansky, Peter Lindenfeld, Paul Lorrain, 
Robert Clinton Ludwig, James B. Maginnis, Herbert 
Malamud, Claudine Maroni, Thomas P. Martin, Robert 
S. Marvin, J. C. D. Milton, John W. Morfitt, Eric Brom- 
field Morris, Alfred Wachlin Nyquist, Stefan Albert Ochs, 
Albert W. Overhauser, Joe R. Patton, Beverly L. Paxson, 
Alphonso C. Pecora, Willis D. Perkins, Rolf E. Peterson, 
Milton A. Pogorelskin, Robert H. Pry, Guy S. Rambie, Jr., 
William J. Rand, Charles V. Robinson, John M. Robson, 
John Thomas Sample, Carl C. Sartain, Nathan Sclar, 
Nathan Seeman, Gordon Alexander Shifrin, Elwood D. 
Shipley, David C. Skillman, Albert Eugene Smith, Edward 
V. Somers, Irwin David Stein, William A. Stewart, Henry 
Stone, Charles L. Storrs, Jr., Walter Summer, Paul 
McCullough Sutton, Ross D. F. Thompsen, Ivan Tolstoy, 
Jay E. Treat, Jr., Robert R. Unterberger, Nathan Wainfan, 
Thomas S. Walton, John E. Warren, C. F. v. Weizsacker, 
Molly Jean Wilson, Rolf G. Winter, L. D. Wyly, Jr., 
Ralph F. Wyrick, Carl A. Zapffe, Abe M. Zarem, Ernest 
Jakob Zingg. 


Kart K. DaArRRow, Secretary 
American Physical Society 
Columbia University 

New York 27, New York 


Invited Papers on the General Programme 


Nuclear Reactions and Level Widths. E. P. WIGNER, 
Princeton University. 

Remarks on Recent Developments in Quantum Electro- 
dynamics. GREGOR WENTZEL, University of Chicago. 

Review of Electrostatic Generator Techniques and 
Recent Results. R. G. HErB, University of Wisconsin. 

Structure and Behavior of Rubberlike Materials. H. M. 
James, Purdue University. 

Structure of Liquids from Other than X-Ray Evidence. 
G. AnTonorF, Fordham University. 

The Utilization of Physicists and Other Scientists 
During World War II. M. W. WuiteE, Pennsylvania State 
College. 

Line-Breadths in Radiofrequency and Microwave Ab- 
sorption Spectra. J. H. VAN VLECK, Harvard University. 

The Interpretation of the Magnetic Moments of Light 
Nuclei. R. G. Sacus, University of Wisconsin. 

Nuclear Spins and Moments Obtained from Microwave 
Spectra. ARTHUR RoBERTs, State University of Iowa. 
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Absorption of 10-20 Mev Quanta. G. D. Apams anp 
A. T. NorpsiEck, University of Illinots, 

Cosmic-Ray Investigation at 9500 Feet: Equipment and 
Results. E. J. LorGren, E. P. NEy, AND FRANK Oppen.- 
HEIMER, University of Minnesota. 


Invited Papers Sponsored by the Division of 
Electron Physics 


Imprisonment of Resonance Radiation in Ionized Gases, 
T. HoLstEIn, Westinghouse. 

Cathode-Emission Processes in Townsend Discharges. 
J. P. Motnar AND J. A. HornBeck, Bell Telephone 
Laboratories. 

Electrical Discharges in Gases at Microwave Fre- 
quencies. M. A. HERLIN, Massachusetts Institute of Tech- 
nology. 

Mass Spectrometry. A. O. C. NIER, 
Minnesota. 

Sorption of Gases by Metals at Low Pressure: A Study 
of Getters. L. A. Wooten, Bell Telephone Laboratories. 

The Long-Term Decay of Phosphors under Ultraviolet 
Excitation. E. F. Lowry, Sylvania Electric Products. 


University of 


Invited Papers 


Bl. Nuclear Reactions and Level Widths. E. P. WIGNER, 
Princeton University. 

B2. (Title to be announced). GREGOR WENTZEL, Uni- 
versity of Chicago. 

B3. Review of Electrostatic Generator Techniques and 
Recent Results. R. G. HERB, University of Wisconsin. 

Cl. Structure and Behavior of Rubberlike Materials. 
H. M. James, Purdue University. 

C2. Structure of Liquids from Other than X-Ray Evi- 
dence. G. ANTONOFF, Fordham University. 

C3. The Utilization of Physicists and Other Scientists 
during World War Il. M. W. Waite, Pennsylvania State 
College. 


Invited Papers of the Division of 
Electron Physics 


Fl. Imprisonment of Resonance Radiation in Ionized 
Gases. T. HoLsteEIn, Westinghouse. 

F2. Cathode-Emission Processes in Townsend Dis- 
charges. J. P. MOLNAR AND J. A. HorRNBECK, Bell Tele- 
phone Laboratories. 

F3. Electrical Discharges in Gases at Microwave Fre- 
quencies. M. A. HERLIN, Massachusetts Institute of Tech- 
nology. 

G1. Mass Spectrometry. A. O. C. Nier, University of 
Minnesota. 

G2. Sorption of Gases by Metals at Low Pressure—a 
Study of Getters. L. A. Wooten, Bell Telephone Labora- 
tories. 

G3. The Long-Term Decay of Phosphors under Ultra- 
violet Excitation. E. F. Lowry, Sylvania Electric Products. 
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Invited Papers 


Il. Line-Breadths in Radiofrequency and Microwave 
Absorption Spectra. J. H. VAN VLECK, Harvard University. 

12. The Interpretation of the Magnetic Moments of 
Light Nuclei. R. G. Sacus, University of Wisconsin. 

I3. Nuclear Spins and Moments Obtained from Micro- 
wave Spectra. ARTHUR ROBERTS, State University of Iowa. 

14. Absorption of 10-20 Mev Quanta. G. D. Apams 
anp A, T. NorpsiEck, University of Illinois. 


Solid and Liquid States 


Al. Observations on Superlattices in Order-Disorder 
Alloys Using Neutron Diffraction. SInNEY SIEGEL AND 
C. G. SHULL, Oak Ridge National Laboratory.—The pres- 
ence of superlattices in the order-disorder alloys Cu;Au 
and FeCo subsequent to various heat treatments has been 
investigated using the neutron diffraction technique. The 
neutrons emerge from the Oak Ridge National Laboratory 
reactor and are monochromated by a (200) reflection from 
a NaCl crystal. After passing through the sample, con- 
sisting of filings of the alloy, in a cell chosen to give about 
70 percent transmission, the diffracted radiation is de- 
tected with a BF; counter. In the case of Cu3Au, for which 
the neutron scattering cross sections are 7 and 10 X 10-* 
cm?, respectively, no superlattice lines can be found in the 
neutron diffraction pattern for samples known to be order- 
ed by conventional x-ray evidence. In the case of FeCo 


superlattice lines indicating complete order are found in. 


samples slowly cooled from 800°C, whereas no order is 
found in the case of samples quenched from elevated 
temperatures or severely cold-worked. In the case of FeCo 
the neutron technique is successful because of the rela- 
tively large difference in nuclear scattering cross section, 
12X10-* cm? for Fe, 1.5X10-* cm? for Co, while x-ray 
methods are made difficult because of the nearly identical 
electronic scattering cross section for x-rays of neighboring 
elements. 


A2. Theory of Electrical Resistivity in Tellurium* V. A. 
Jounson, Purdue University.—By using an a.c. method to 
eliminate the Ettingshaussen effect, Bottom! has obtained 
Hall curves as functions of temperature between 85°K 
and 600°K for a number of tellurium samples. The samples 
were made by grinding, melting, and casting either com- 
mercial or purified tellurium; the ingots so produced were 
practically isotropic. Bottom has also measured the re- 
sistivities of these samples over the same temperature 
range. Analysis of these curves shows that the theory of 
resistivity? developed from the study of germanium alloys 
explains the resistivity behavior of tellurium. The low 
temperature resistivity may be treated as the sum of re- 
sistivities due to scattering by lattice ions and by impurity 
ions. The hole mobility, associated with lattice scattering 
only, is given approximately by 2.7 X10®7—! cm?/volt sec. 
The ratio of electron to hole mobility is calculated as 1.0. 
The intrinsic activation energy is found to be about 
0.38 ev. 

* This work was assisted by a Signal Corps contract. 


1V. E. Bottom, Bull. Am. Phys. Soc. 23, No. 3, 21 (1948), G2. 
2K. Lark-Horovitz and V. A. Johnson, Phys. Rev. 69, 258 (1946). 
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A3. Neutron-Bombarded Germanium Semiconductors. 
R. E. Davis,* W. E. JoHnson, K. Lark-Horovitz,* and 
S. SIEGEL, Purdue University* and Oak Ridge National 
Laboratory.—It has been shown recently! that in ger- 
manium semiconductors bombarded by deuterons and 
alpha-particles lattice defects are produced which act as 
acceptors, thus producing “hole” conduction (P-type) 
(as tested by direction of rectification, Hall effect, and 
photo-effect). P- and N-type germanium samples with 
known electrical characteristics have been irradiated with 
neutrons in the Oak Ridge reactor; resistivities in N-type 
semiconductors increase under neutron irradiation until 
the donators are neutralized, and the resistance reaches a 
maximum; under continued irradiation the conductivity 
increases again. In P-type germanium the conductivity in- 
creases steadily with neutron irradiation and values 100 to 
200 times the original conductivity have been reached. 
Whereas the deuteron induced lattice defects are healed 
by prolonged heat treatment at 400°C, only part of the 
induced neutron defects are healed in a comparable time 
interval. Experiments with commercial N-type germanium 
rectifiers indicate changes in the forward and backward 
direction in agreement witht he conclusion that the N-type 
germanium has been converted to P-type. The effect . 
seems more pronounced in»Cd-shielded samples. 


* The work at Purdue was supported by a Signal Corps Contract. 
1K. Lark-Horovitz, Bleuler, R. Davis, and D. Tendam, Bull. Am. 
Phys. Soc. 23, No. 3, 25 (1948), K3. 


A4. On the Measurement of the Hall Effect in Semi- 
conductors.* I. ISENBERG, B. R. RUSSELL, AND R. F. 
GREENE, University of Pennsylvania.—An investigation 
was made of the short circuiting due to the electrodes in 
Hall effect experiments on rectangular samples. Formulas 
derived give the ratio of the measured voltage to Hall 


- voltage as a function of /, the length across which the 


voltage is applied, w, the width across which the Hall 
voltage is measured, and the point of measurement. It is 
found, for example, that for 1/w=2 the ratio of voltage 
measured at the center of the sample to Hall voltage is 
0.930. If 1/w24, the error made is less than 0.3 percent. 
In terms of the ratio of measured voltage to applied voltage 
the greatest sensitivity is obtained for //w<}. This ratio 
is equal to 0.742uB and, for this geometry, is independent 
of 1/w. » is the mobility of the carrier and B the magnetic 
field strength. It has been shown for homogeneous slabs 
that, when point electrodes are used, the Hall voltage 
depends only on the total current, the magnetic field, 
and the thickness of the sample but is otherwise inde- 
pendent of the shape of the slab. Experiments verifying 
these results will be described. 
* This work was supported in part by Bureau of Ships. 


AS. Small Angle Bragg Reflections from Collagen. 
Pau. KagEsBerG, H. N. RITLAND, AND W. W. BEEMAN, 
University of Wisconsin—The large periodicities in col- 
lagen have been investigated using a two crystal spec- 
trometer in the parallel position. The spectrometer is then 
equivalent to a slit geometry of high resolution. Samples 
were placed midway between the two crystals and the 
scattered x-rays scanned by rotation of the second crystal. 
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The first through seventh orders and the ninth order 
have been completely resolved. with wet collagen and rela- 
tive intensities determined with an accuracy of about 10 
percent. With dry collagen, the reflections are much less 
intense. The first order reflection from wet collagen has a 
full width at half-maximum of about 20 seconds with FeKa 
radiation. The periodicity calculated from the order 
spacings was 675A. for wet collagen and 643A for dry 
collagen, in good agreement with results of other investi- 
gators using standard diffraction methods.! 


1R. S. Bear, J. Am. Chem. Soc. 66, 1297 (1944). 


A6. Electron Microscopy of Monolayers. H. T. Epste1n, 
University of Michigan.—With the aid of the shadow- 
casting technique of Williams and Wyckoff it has been 
possible to study the structure of organic acid mono- 
layers with the electron microscope. The layers were de- 
posited on collodion-covered microscope screens by the 
Langmuir-Blodgett dipping technique. Heights of mono- 
and multilayers of stearic acid and cerotic acid were 
measured and were found to agree well with heights given 
by previous indirect methods. The use of monolayers in 
finding the heights of minute objects will be discussed. 
It may also be possible to report on preliminary work with 
the oleophobic type of monolayer. 


A7. Breaking Strength Dispersion in Nylon Yarns. 
WALLER GEORGE AND RICHARD LATOoRRE, Naval Re- 
search Laboratory—Measurements of breaking strength 
of continuous multifilament low twist Nylon yarns (8 
g.p.d.) are usually observed to lie within a wide range of 
strength values. Relatively large numbers of strength 
measurements using constant rate of load application 
techniques are reported for a sixfold increase in nominal 
gauge length. The observed frequency distributions and 
cumulative distributions for various specimen lengths are 
analyzed for the existence of a probability density function 
determining the frequency of observation of particular 
strength values for tests of unit volumes of the material. 
Distributions from Nylon yarns are given which indicate 
that the probability density, if it exists, is not Gaussian. 
However, more detailed analysis of data for short relative 
to longer gauges shows that the corresponding ratio of 
statistical sample sizes is independent of strength only for 
the region of low strengths. For the remaining region this 
ratio increases rapidly with strength indicating either that 
the “‘effective’’ length of the short sample increases, which 
is unlikely, or more probably that this “effective” length 
for longer lengths decreases with increasing strength. This 
suggests that for low twist and short gauge lengths twist is 
unimportant, while for longer specimens of same unit 
twist the total twist limits the length effective in deter- 
mining the sample size and, correspondingly, increasing 
the dispersion in the higher strength ranges. 


A8. A Twin Transducer for Measuring Mechanical 
Properties of Rubberlike Solids at Audiofrequencies. 
ROBERT S. MArvIN,* Epwin R. FITZGERALD, AND JOHN D. 
FERRY, University of Wisconsin—Apparatus has been 
developed for measuring the dynamic viscosity and 


AMERICAN PHYSICAL SOCIETY 


rigidity of rubberlike solids in small oscillating deforma- 
tions. A plate rigidly attached between two identical coils 
in two permanent magnet loudspeakers shears a pair of 
disk-shaped samples when a driving current is passed 
through one coil. The output voltage from the other cojl 
is compared in amplitude and phase with the driving cur- 
rent. The amplitude of motion is extremely small. Repre- 
sentative data for the dynamic viscosity and rigidity of 
polyisobutylene over the range 30 to 700 c.p.s. will be 
given. 


* Carbide and Carbon Chemicals Corporation Fellow in Physical 
Chemistry. 


A9. The Fracture of Liquids. Joun C. FIsHER, General 
Electric Research Laboratory.—A liquid subjected to nega- 
tive pressure is metastable; vapor bubbles form spon- 
taneously and grow until the pressure of the system rises 
to the equilibrium vapor pressure. The rate of bubble 
formation is calculated from the theory of nucleation, and 
the negative pressure ~; that gives one bubble (i.e., frac- 
ture) in ¢ seconds is determined. ; is very nearly inde- 
pendent of ¢ and is proportional to o! where @ is.the surface 
tension. Subcooled liquids such as glass also are metastable 
under negative pressure; cracks form spontaneously and 
grow until the pressure rises to the equilibrium vapor 
pressure. Nucleation theory leads to an expression for the 
fracture stress of glass that is proportional to (E%o*)! 
where E is the elastic modulus. The transition from high 
temperature cavity-nucleated fracture to low temperature 
crack-nucleated fracture is examined. Fracture strengths 
calculated from nucleation theory agree satisfactorily with 
the maximum experimental values, and are an order of 
magnitude smaller than the forces required for simultane- 
ous separation of all atom pairs cut by a plane surface. 
The frequent occurrence of premature failure is associated 
with the presence of pre-existing surface cracks in glass, 
and of positive contact-angle impurity in contact with 
liquids. 


Reactions of Transmutation; Cosmic Rays 


D1. Absolute Voltage Determinations of Three Nuclear 
Reactions. R. G. HERB, S..C. SNOWDEN, AND O. SALA, 


. University of Wisconsin.—The large electrostatic analyzer 


constructed in 1946 at the University of Wisconsin! was 
used to give independent absolute voltage determination 
of three nuclear reactions. The reactions chosen were, on 
the old Li 440 Mev scale, the Li(p,) threshold at 1.86 
Mev, the Al(p,y) resonance at .985 Mev, the F(,7) 
resonance at .862 Mev. Ion beam energies for these re- 
actions were determined from measurements of the analyzer 
geometry and of the voltages applied to the analyzer. As 
a check on the dependability of the results the analyzer 
geometry was changed substantially after one series of 
runs and all measurements were repeated. Values obtained 
from the two series of determinations were consistent to 
better than .05 percent. Final values cannot be given safely 
until two further measurements are made. A voltage 
divider which was used in this work is to be checked at 
the National Bureau of Standards, and the effect of the 
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earth’s magnetic field, which has been only roughly esti- 
mated, must be carefully explored. Our values now check 
closely with those obtained by Hanson? and final results 
= be available in June. 


\ aioe J. L. Powell, and R. G. Herb, Rev. Sci. Inst. 18, 
559 Fioa7 


A. O. Rae and D. L. Benedict, Phys. Rev. 65, 33 (1944). 

D2. Thresholds for Some Photo-Nuclear Reactions. 
J. McELuinney, A. O. HANSON, AND R. B. DUFFIELD, 
University of Illinois.—The x-rays from the 22-Mev beta- 
tron were used to determine (y,m) and (y,p) threshold 
energies. The majority were detected by the induced 
radioactivity; the others, by the activity induced in 
rhodium foils by the ejected neutrons. Energies were de- 
termined by fixing the observed thresholds of the reactions, 
C#(y,2)C4, Cu®(y,2)Cu®, and H*(y,2)H!, at 18.7+0.1, 
10.9+0.1 and 2.18 Mev, respectively. 


Observed 
Threshold Detected 


Half-life 


(Mev) by 
10.6 +0.2 


Reaction 


N¥(y,n)NB 
Mg*5(7,p)Na% 
Mg?6(7,p)Na%s 
P3l(-y,2) P30 
K39(y,n)K38 
Fe'(y,2)Fe% 
Cus(y,n)Cu% 
Br?79(-,2) Br78 
Br8l(y,”)Br8° 
Sb!21(-y,2)Sb!20 
]127(-y,n) 1326 
Tal8i(y,n)Tats 
Bi209(-y, 2) Bi208 


* True thresholds may be 1-2 Mev lower. 


Activity 
Activity 
Activity 
Activity 
Activity 
Activity 
Activity 
Activity 
Activity 
Activity 
Neutrons 
Activity 
Neutrons 


D3. Proton-Neutron Thresholds in Cl*? and K“. H. T. 
RICHARDS AND R. V. SmitTH, University of Wisconsin.— 
Protons from the Wisconsin electrostatic generator and 
analyzed by 90° electrostatic deflection have been used to 
bombard targets of NaCl and K,0. A BFs counter sur- 
rounded by paraffin served as a neutron detector. The 
Li’(p,n)Be’ reaction was used to calibrate the energy scale 
by arbitrarily assuming E,=1.880 Mv for the lithium 
threshold. The p—™ threshold in chlorine was then ob- 
served to be at 1.639+.003 Mv. Mass values necessitate 
assigning the reaction to the Cl*’ isotope. The Q value is 
then — 1.596 Mv which fixes the mass difference of A®7— Cl*? 
as 0.903+.02 mMu. The large probable error is from the 
uncertainty of the »— p mass difference. A rough calcula- 
tion of the reaction cross section for protons 50 kv above 
threshold gives o(Cl*7)=10-*6 cm?. In the case of the po- 
tassium reaction low neutron intensity near threshold 
prevented comparable precision in the threshold deter- 
mination. Radioactivity data and abundance considera- 
tions indicate that the reaction should be attributed to the 
K“ isotope. The observed threshold is at 1.25+.06 mv 
corresponding to a Q=—1.22 Mv. The mass difference 
Ca‘!—K*“! is then 0.50+.07 mMu. The cross section for 
protons 100 kv above threshold is estimated to be o(K*) 
= 10-7 cm?, 


D4. Proton-Neutron Thresholds in V™ and Mn®. R. V. 
SMITH AND H. T. RicHarps, University of Wisconsin.— 
Targets of V.O; and metallic manganese have been bom- 
barded by monochromatic protons from the Wisconsin 
electrostatic generator. Thresholds for neutron emission 
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have been observed and reaction cross sections estimated. 
If the Li?(p,n)Be’ threshold is arbitrarily taken to be 
1.880 Mv for the proton energy, then the V®™ threshold 
is 1.564+.003 Mv proton energy and corresponds to a Q 
value of —1.534 Mv. Therefore the mass difference Cr® 
—V* is 0.837+.02 mMu with the n—p mass difference 
accounting for the uncertainty. The cross sections of V* 
is estimated to be 10-6 cm? for protons 50 kv above thresh- 
old. The manganese threshold occurs at 1.175+.01 Mv 
proton energy and corresponds to a Q=—1.16 Mv. The 
mass difference Fe®—Mn*® is .44+.02 mMu. The reaction 
cross section is about 5 X 10-8 cm? for protons 50 kv above 
threshold. The cross section estimates are based upon a 
value of 310-* cm? for the lithium p—x reaction. 


D5. Protons from the Li’(d,p)Li® Reaction.* E. N. 
Strait, C. G. STERGIOPOULOS, AND W. W. BUECHNER, 
Massachusetts Institute of Technology—The reaction 
Li7(d,p)Li® is well known, but the resulting proton group 
has hitherto been unobserved. A search for this group has 
been made using a 180-degree annular magnet to analyze 
the reaction products. Thin lithium targets have been 
bombarded with deuterons from an electrostatic accelera- 
tor, the analysis being at 90 degrees to the incident beam. 
Photographic detection has been employed. Using this 
technique, it is possible to distinguish between the re- 
action protons and the deuterons scattered inelastically 
from the target backing. A sharp peak of protons is ob- 
served, the energy of which is 750 kev when the incident 
deuteron energy is 1.36 Mev. This leads to a Q of —0.18 
Mev, in good agreement with that obtained! from the 
excitation function for the production of radioactive Li®. 

* This work was supported in by the Office of Naval Research 

1 Rumbaugh, Roberts, and Hafstad, Phys. Rev. 54, 657 (1938). 

D6. Energy and Angle Variation of C'*(d,p)C. D. R. 
IncuLis,* N. P. HEYDENBURG, AND E. M. HAFNER,** 
Carnegie Institution of Washington.—The yield of protons 
from the C!#(d,p)C" reaction has been observed from: 1.5 
to 3.6 Mev, at angles 10°, 90°, and 132.5°. At 10° the 
resonances observed are in reasonable agreement with 
those observed for gamma-rays and neutrons by Bailey, 
Frier, and Williams.! The resonances at 2.5, 2.65, and 2.95 
Mev do not appear in the 90° yield curve. These are also 
much less prominent at 132.5°. Angular distribution curves 
have been taken in the vicinity of several of these reso- 
nances. Near 2.95 Mev, these curves show that the reso- 
nance is most pronounced near 20°. The short range proton 
group from C!(d,p)C* has also been observed at the 
higher deuteron energies. These have less range than the 
scattered deuterons, and were observed at 132.5° and 160° 
using a thin target of india ink on silver foil of 0.5 mm 
stopping power. The Q for this reaction was calculated to 
be —0.46 Mev in fair agreement with the value —0.52 
+0.7 Mev given by Bennett, Bonner, Hudspeth, and Watt. 
A search was made for a proton group giving an exicted 
state of C at 0.8 Mev above the ground state which has 
been found in the reaction eieenstni Such a group’ was 
not observed. 


* Johns Hopkins University. 
** Brookhaven National Laboratory. 
1 Bailey, Frier, and Williams, — Rev. 73, 274 (1948). 
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D7. Absolute Thick Target Yields from Several (D,n) 
Reactions.* Lyte W. SmitH and P. GERALD KRUGER, 
University of Illinois.—The thick target neutron yields of 
several elements bombarded with 10-Mev deuterons have 
been obtained by comparing the activity induced in a 
large tank of MnSO, solution with the activity induced by 
a standard Ra-Be source. The yields in all cases are some- 
what larger than would be expected from the extrapolation 
of the available low energy data. The results for deuterium 
in conjunction with the data of Curtis, Rosen, and Fowler! 
indicate a significant maximum in the yield between 2 and 
10 Mev which is expected on theoretical grounds. The 
yields range in value from 3.7+0.4 X10! neutrons/sec/ya 
for Be to 0.054+0.007 X10! neutrons/sec/ua for Au. 
The largest uncertainty in the experiment is caused by the 
Ra-Be neutron standard. 


* This work was supported in part by the Office of Naval Research. 
1 Curtis, Rosen, and Fowler, Phys. Rev. 73, 648(A) (1948). 


D8. Yield of Photo-neutrons from U** Fission Products 
in Be. S. BERNSTEIN, F. L. Tatsott, J. K. LESLIE, AND 
C. P. Stanrorp, Oak Ridge National Laboratory.—The 
yield of photo-neutrons from a sample of 25 fission products 
at the center of a nine-inch diameter Be sphere has been 
studied. Samples of U2** were exposed in the pile for periods 
of 30 seconds, 15 minutes, six hours, and 74 hours. The 
photo-neutrons were observed from 0.3 second to about 
four weeks after the end of the exposure. Curves showing 
the photo-neutron yield relative to the delayed neutron 
yield as a function of time are given for these exposure and 
observation times. A comparison is made between the 
photo-neutron yield of infinite thicknesses of D2O and Be 
for a six-hour exposure. This comparison shows that the 
yield from Be is less than that for D2O for times less than 
about one-half hour after the end of the exposure and that 
the yield from Be becomes increasingly greater than that 
for DO for times greater than one-half hour. A possible 
explanation of the relative yields of Be and D.O with time 
in terms of the variations of the photo-disintegration cross 
sections with energy and the average variation of fission 
product gamma-ray energy with time is proposed. 


D9. Equipment for Photographing Cosmic-Ray Cloud- 
Chamber Tracks at 100,000 Ft. WALTER FRICK, EDWARD J. 
LOFGREN, FRANK OPPENHEIMER, AND EDWARD P. NEy, 
University of Minnesota.—We have been able to photo- 
graph cosmic-ray tracks at an altitude of 100,000 ft. The 


cloud chambers are carried aloft by a balloon and remain | 


at altitude for several hours. Details of the temperature 
regulation and the cloud-chamber control equipment will 
be discussed. The apparatus is housed in a 30” diameter 
aluminum sphere and weighs about 60 Ib. The constant 
temperature is maintained by a thermostatically controlled 
blower which can circulate air from the hot upper part of 
the sphere which is painted black and the cooler lower 
section which is polished. The two sections are separated 
by an insulating barrier. The cloud chamber is in the lower 
section. The temperature is maintained constant at the 
lower altitude before the solar engine begins to function 
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by a battery operated heater. This battery is parachute 
released at an altitude of about 50,000 feet. 


D10. Data Obtained from Cosmic-Ray Cloud Chamber 
Tracks Taken at 100,000 Feet. Epwarp J. Lorcren, 
Epwarp P. NEy, AND FRANK OPPENHEIMER, University 
of Minnesota.—Information contained in the pictures of 
cosmic-ray cloud-chamber tracks taken at an altitude of 
100,000 feet will be summarized. Preliminary data on the 
occurrence of large numbers of heavily ionizing particles 
which penetrate } inch of lead will be presented. The pic- 
tures also gives data on the relative amount of soft, pene- 
trating and heavily ionizing components as a function of 
altitude. 


D11. On the Compton Effect for Protons. J. L. Powe Lt, 
University of Wisconsin.—The scattering of y-rays by free 
protons has been studied on the hypothesis that the proton 
is a Dirac particle whose magnetic moment is described 
by the well-known Pauli term. The angular distribution! 
of the scattered y-rays and the total cross section have 
been calculated for a particle of arbitrary magnetic mo- 
ment. The total cross section increases linearly with the 
energy in the extreme relativistic limit. At intermediate 
energies it is larger than the cross section obtained without 
the Pauli term (Klein-Nishina formula). Experimental 
study of this effect would be very difficult on account of 
the small cross section (~2 X10" cm? at 100 Mv). How- 
ever, it is conceivable that one could observe the recoil 
protons from Compton scattering of 100-Mv y-rays. At 
this energy, one does not expect the meson production 
which would confuse the results at higher energy. The 
calculated angular distribution is fairly uniform, and the 
recoil particles have energies up to 15 Mv. Comparison of 
quantitative experimental results with this theory would 
give information concerning the structure of the proton. 


1 The angular distribution has been given, for the special case of a 
particle of zero magnetic moment, by Batdorf and Thomas, Phys. 
Rev. 59, 621 (1941). 


D12. On the Bremsstrahlung Produced by Protons. 
R. G. Sacus AND J. L. PowELL, University of Wisconsin.— 
If the anomalous magnetic moment of the proton can be 
described in terms of a Pauli interaction with the electro- 
magnetic field, the cross section for bremsstrahlung will 
increase more rapidly with energy than that of an ordinary 
Dirac particle. Therefore it might be expected that the 
high energy primary protons in the cosmic rays will pro- 
duce an appreciable number of showers. The extreme rela- 
tivistic cross sections for scattering by pure and cut-off 
Coulomb fields have been calculated by one of us (J.P.) 
using the perturbation method. For a pure Coulomb field 
the cross section increases more rapidly than that of the 
electron by a factor E? (E=proton energy). For the cut- 
off field the energy dependence for the ratio is reduced to 
E, in agreement with the results of the method of Weiz- 
sicker and Williams.! The failure of the latter method for 
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the pure Coulomb field is a consequence of the importance 
of the contribution of short y-ray wave-lengths to the 
cross section. One can conclude that for proton energies 
above 10'8 ev it is necessary to consider proton-proton 
collisions within the nucleus as a major factor in brems- 
strahlung production. This effect will reduce the cross 
section because of the recoil of the proton, while on the 
other hand the greater strength of nuclear forces may 
increase it. 


1 Batdorf and Thomas, Phys. Rev. 59, 621 (1941). 


General Nuclear Physics; Apparatus of 
Nuclear Physics 


El. Binding Energies of a-Particles in Medium-Heavy 
Nuclides.* TRUMAN P. KonMANn, University of Chicago.— 
Binding energies of a-particles in medium-heavy nuclides 
have been estimated by means of the mass equation of 
Bohr and Wheeler! and the packing fraction curve of 
Mattauch and Fliigge.? Most nuclides above mass number 
140 are energetically capable of a-emission, and are only 
stabilized by the nuclear potential barrier, the effect of 
which has also been calculated. The a-disintegration energy 
generally increases with increasing Z for isobars and with 
decreasing A for isotopes. Consequently, sufficiently light 
isotopes of elements in the region from the rare-earths to 
lead should be a-active. The lighter naturally occurring 
isotopes of some of the event elements in this region may 
exhibit barely detectable a-activity. Bombardment with 
~ 100-Mev photons? and particles+® should produce suffi- 
ciently neutron-deficient nuclides to allow artificial alpha- 
activity to be observed in competition with #-decay 
processes in this region. 


* Work begun at the Metallurgical Laboratory, Manhattan Engineer 
District, in 1946. 

1N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). 

2 J. Mattauch and S. Fliigge, Nuclear a Tables (Julius Springer, 
Berlin, 1942; Interscience, New York, 1946). 

3G. 'C. Baldwin and G. S. Klaiber, Phys. Rev. 70, ‘ay (1946). 
‘GF, Seaborg et al., Phys. Rev. 72, 739, 740 (194 
5D. H. Templeton, U.S.A.E.C. Document MDDC. sas (Abstract). 


E2. The Ionization Produced by Alpha-Particles in 
Argon as a Function of Their Energy. WILLIAM P. JESSE 
AND HAROLD ForstaT, Argonne National Laboratory.— 
Recently! we have shown that the energy of an alpha- 
particle may be accurately determined by comparison of 
its total ionization in argon with that of a standard alpha- 
particle of known energy in cases where the energy dif- 
ference between the two is small. To compare thus par- 
ticles of widely differing energies it is necessary to es- 
tablish first a calibration curve relating the ionization 
produced by an alpha-particle with its energy. To this 
end, we have made preliminary measurements of the rela- 
tive ionization produced by alphas from six natural 
radioactive substances in the region from 5 to 9 Mev, 
where the energies are known with high precision. Here 
the ionization-energy plot is a straight line which, when 
extrapolated, passes through the origin. In the region of 
lower energies, where reaction energies are not known with 
as high precision, it would seem possible to detect any 
marked change in slope of the above line by measuring the 
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ionization of each of the two particles emerging from an 
extremely thin sheet, as for instance in the (n,) reaction 
for *Li or °B. The ratio of the particle energies may be 
calculated from the consideration of the conservation of 
momentum. Tentative experiments of this sort are in 
progress. 

1W. P. Jesse and H. Forstat, Phys. Rev. 73, 926 (1948), 


E3. Angular Distribution of a’s Coincident with U2 
Fission. L. MARSHALL, Argonne National Laboratory and 
University of Chicago.——From among 7000 U* fissions 
made by thermal neutrons in uranium impregnated East- 
man photographic emulsion NTB, 70 a-particles* co- 
incident!~* with fission have been found. An analysis has 
been made of the variation in their average range and 
numbers with angle between a and short (heavy) fission 
fragment. The data will be given on slides. No a’s less 
than 4 Mev have been included. The low energy a’s 
emerge more frequently at acute angles to the short fission 
fragment. The energetic a’s emerge at about right angles, 
as previously found by Wollan et al.‘ The longest range 
a’s seem to emerge most probably at about 100° to the 
short fragment. This agrees qualitatively with the greater 
electrostatic repulsion of the heavy fragment due to its 
higher charge. When the two fission tracks are of very 
different length, the coincident a tends to have an acute 
angle with the short range fragment and to be of low 
energy. 

* These a-particles were first observed by L. Alvarez. See quotation 


1 Demers, Phys. Rev. 70, 974 (1946). 

2 Farwell, Segre, Wiegand, Phys. Rev. 71, 327 (1947). 

a Zah-wei, Chastel, and Vigneron, Phys. Rev. 71, 383 
4Wollan, Moak, Sawyer, Phys. Rev. 72, 447 (1947). 


in 


E4. Preliminary Data on the Production of + Electron 
Pairs in the Field of an Electron.* J. A. PHILLIPS AND 
P. GERALD KRUGER, University of Illinois——A 12” cloud 
chamber is irradiated with a collimated beam of gamma- 
rays from CaF: bombarded by 10 Mev molecular hydrogen 
ions. The cloud chamber is situated outside of the tanks 
surrounding the cyclotron and is provided with a mag- 
netic field of 1535-1 percent oersteds. Only those pairs 
and triplets occurring in the gas of the chamber are con- 
sidered. Operating at a pressure of 1.75 atmospheres, 
5372 stereoscopic pictures with air gave 509-+electron 
pairs and 18 triplets. With methane, 13,362 pictures gave 
1430 electron pairs and 97 triplets. From these data the 
ratio of the cross sections for pair to triplet production, 
assuming a Z?/Z dependence, has the value for air 
(Z?/Z—~7.2) of 3.94, and for methane (Z?/Z—4) of 3.69, 
which are in agreement within statistical limits. A plot of 
the logarithm of the number of the slow negative electron 
of the triplets in equal momentum intervals versus mo- 
mentum of the slow negative electron appears to be a 
straight line. 

* This work in part supported by the Office of Naval Research, 


E5. Angular Distribution of the Disintegration Products 
from the D—D Reaction; 1 to 4 Mev. J. M. Bair, 
W. SLEAToR, JR., GEORGE FREIER, E. E. LAMPI, AND 
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J. H. Witxiams. University of Minnesota.*—The angular 
distributions of the He*, produced when deuterons bom- 
bard deuterons in the energy range from 1 to 4 Mev have 
been measured using the scattering chamber previously 
described.! These particles can be counted separately from 
the elastically scattered particles by virtue of their dif- 
ferences in range and ionizing ability. We find that the 
distribution of the He® cannot be described by (1-+-A cos?@) 
as reported by Bennett, Mandeville, and Richards for the 
neutrons from the same reaction.” There are more particles 
in the forward direction than can be accounted for by that 
expression and, for the higher energies, there are further 
anomalies at 90° in the center of mass coordinate system. 
Work is being done on the distributions of the H! and H® 
from the same reaction. 

* This work was supported in part by the Office of Naval Research. 

1Sleator, Blair, Lampi, and Williams, Bull. Am. Phys. Soc. 23, No. 2 


(1948). ; 
2 Bennett, Mandeville, and Richards, Phys. Rev. 70, 101A (1946). 


E6. Angular Distribution of 1 to 4 Mev Deuterons 
Scattered by Deuterons. WILLIAM SLEATOR, JR., J. M. 
BLAIR, GEORGE FREIER, EUGENE LAMPI, AND J. H. 
Wituiams. University of Minnesota.*—Using the gas filled 
chamber previously described,! cross sections for the elastic 
scattering of deuterons by deuterons have been measured 
at energies } Mev apart from 1 to 4 Mev, and at angles 
from 10° to 45°. The reaction products H!, H’, and He? 
are also registered in the proportional counter, but these 
can be distinguished, as described in the previous paper, 
from the scattered deuterons, and thus the yield of the 
latter determined. Typical values of the elastic scattering 
cross sections at two energies, corrected for H! and He’, 
but not for H’, which is estimated to contribute one or 
two percent, are given in barns per unit solid angle in the 
table. 

86cm 20° 30° 40° 50° 60° 70° 
1.50 Mev 4.22 1.30 0.67 .466 .352 .311 
3.55 Mev 1.23 0.59 .396 .309 .266 .222 


Results at other energies are similarly regular. 


90° 
.273 


80° 
281 
195 


* This work was supported in part by the Office of Naval Research. 
1Sleator, Blair, Lampi, and Williams, Phys. Rev. 73, 1241A (1948). 


E7. A Simple All-Electronic Cloud Chamber Control 
Circuit. S. BASHKIN AND H. T. Ricwarps, University of 
Wisconsin.—A modified Wynn-Williams thyratron ring 
circuit functions as a control circuit for a Wilson chamber 
built for use with the Wisconsin electrostatic generator. 
The 100 ma delivered by the miniature 2D21 thyratrons 
obviate relays. Three such thyratrons, with plates ca- 
pacitively coupled, form a ring circuit with three stable 
states, in each of which only one thyratron conducts. In 
the first state, the magnetically operated expansion valve 
is closed. The plate voltage from one of the non-conducting 
thyratrons charges a condenser in a variable RC circuit 
(25-150 sec.) until a neon bulb fires, thereby switching the 
ring circuit to the next stable state in which the chamber is 
expanded and the camera solenoid activated. A similar 
RC circuit (0-1 sec.) transfers the system to its third 
stable state with the camera closed and the chamber still 
expanded. A pulse from a third RC circuit (5-20 sec.) 
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closes the cycle, recompressing the chamber. Other varj- 
able RC circuits fire neon bulbs to trigger a flash tube and 
pulse an ion beam on a target coincident with the chamber’s 
sensitive time. This circuit can be easily adpated to counter 
control or expanded to have more stable states. 


E8. Stabilized High Voltage Supply for Electrostatic 
Analyzer. R. L. HENKEL AND B. PETREE, University of 
Wisconsin.—A system for measuring and controlling the 
beam energy of the University of Wisconsin electrostatic 
generator has been described by Hanson.! The high voltage 
supply for the electrostatic analyzer used in his system 
has been modified to*give better energy control and to 
simplify voltage adjustment. The new supply furnishes 
continuously adjustable voltages from 4000 to 40,000 
volts to the analyzer with stability better than 0.01 per- 
cent. High voltage from a rectifier circuit is compared, by 
means of a voltage divider, to a potentiometer. The dif- 
ference or error voltage is amplified about 107 times bya ~ 
galvanometer-phototube amplifier, and the amplified error 
voltage is applied to the grids of variable-impedance tubes 
in the high voltage transformer primary so as to decrease 
the error. Oscillation is prevented with differentiated 
feed-back. Rapid line voltage fluctuations are not com- 
pletely compensated for by the galvanometer-phototube 
amplifier because of its relatively slow response, but these 
fluctuations are avoided by supplying power to the high 
voltage transformer from a motor-alternator set with 
electronic field regulation. With this new method, the 
beam energy automatically follows adjustments of the 
potentiometer. 

1A. O. Hanson, Rev. Sci. Inst. 15, 57 (1944). 


E9. Design of Electrostatic Generator for the University 
of Sao Paulo, Brazil. O° Sata, University of S. Paulo* ann 
R. G. HERB, University of Wisconsin.—A high pressure 
electrostatic generator for the University of Sao Paulo is 
being designed for a maximum voltage of 3.5-4 Mv fol- 
lowing the Wisconsin horizontal arrangement. Important 
design considerations are low cost, simplicity, minimum 
time for construction, easy operation and high beam cur- 
rent. The pressure tank is to have an inside diameter of 
7 feet, a length of 21 feet and a maximum operating pres- 
sure of 150 p.s.i. The tank is arranged to roll back for 
easy access to equipment inside. Inside structure is sup- 
ported by four textolite tubes, each 10 feet long, giving an 
insulating length of 9 feet. Two accelerating tubes are 
provided, one for the ion beam and one for an electron 
beam to give voltage control. The second tube will also 
be used for differential pumping. Two concentric high 
potential electrodes will be used. 

* Now at the University of Wisconsin as a Rockefeller Fellow. 


E10. Performance of the Allen Type Multiplier Tube 
for Lithium Ion Counting. A. H. Morris AND J. S. ALLEN, 
University of Chicago.—Information concerning the eff- 
ciency of an electron multiplier! tube used for detection 
of single Li ions is necessary for He® recoil experiments 
now in progress. Li ions were produced by thermionic 
emission from a coating of spodumene on a platinum 
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filament. After being accelerated, they were bent by the 
plates of an electrostatic analyzer through a slit into the 
multiplier tube. This arrangement prevented the tube 
from “looking”’ directly at the ion source. The counting 
rate was compared to the current, which was determined 
by sweeping the ions through a larger slit, connected to a 
balanced type d.c. amplifier. The relative transmission of 
the slits was determined by comparing counting rates of a 
beam swept through each slit. Ions from 4.9 to 6.5 kv were 
used, and showed almost constant counting rates. Pulse 
height distribution curves were taken for 4.9 and 6.0 kv 
ions, and were of the same general shape, the 6.0 kv ions 
giving more counts at all points on the curve. The effi- 
ciency for ions of low energy is being investigated. 
1J. S. Allen, Rev. Sci. Inst. 18, 739 (1947). 


Ell. Neutral Region in the Space Charge of a Self- 
Quenching G-M Counter. C. V. Ropinson, University of 
Wisconsin.—It is not uncommon for a G-M counter to 
collect more than twice the original charge, Qo, on the wire. 
This is inconsistent with (1) immediate collection of the 
electrons which leave a purely positive space charge; (2) 
nearness of space charge to the wire; (3) non-negative field 
throughout the counter. To explain this large charge 
collection, assumption (1) may be discarded leading to the 
following mechanism. In a length dx of the counter, ions 
produced by avalanching, build out radially leaving a 
weak field near the wire in which delayed quanta produce 
ion pairs. In about 107° sec. ionization has ceased, and the 
length dx of wire is discharged and surrounded by a neutral 
region (of + ions and electrons) within a purely positive 
sheath whose charge is a little more than Qodx. As the 
outer + ions move out, the electrons in the neutral region 
move in, releasing an equal number of electrons and + 
ions. The process continues until all electrons are collected 
and all + ions freed. Then the wire recharges. W. W. Bee- 
man suggested the delayed electron collection. 


E12. Miultivibrator Quenching of Geiger-Mueller 
Tubes.! B. J. THAMER AND A. F. Vorct, Jowa State Col- 
lege.—Lowering or reversing the sign of the potential on 
the anode of a Geiger-Mueller tube is an effective way of 
quenching the tube discharge and allowing the tube to 
regain its sensitivity rapidly, thus reducing the counting 
loss at high counting rates. An electronic circuit capable 
of applying a quenching pulse of any desired width and 
magnitude has been developed. The amplified G-M tube 
pulse actuates a multivibrator which triggers the quench- 
ing tube.? A series of dead-time determinations was made 
on several G-M tubes using paried samples, keeping the 
width of the quenching pulse at 12 microseconds and vary- 
ing its magnitude from 0 to a value sufficient to make the 
center wire 50 volts negative with respect to the cathode. 
Quenching pulses in the range from 0 to 400 volts gave 
dead-times of roughly 290 microseconds. Important factors 
were the previous history of the tube and its operating 
potential. When the quenching pulse brought the wire 
potential within +50 volts of the cathode, the dead-times 
were approximately 40 microseconds. 


1 This work was done under contract with the Atomic Energy Com- 


mission. : ; 
2 For a similar application see. J. A. Simpson, Jr., Phys. Rev. 66, 39 


(1944), 


X-Rays and Optical Spectroscopy 


Hl. The MnK Absorption Edges of Manganese and 
Manganese Compounds. H. P. HANson AND W. W. 
BEEMAN, University of Wisconsin.—The x-ray K absorp- 
tion edge of manganese, in the metal and in various com- 
pounds, has been measured with a double crystal spec- 
trometer. Striking differences are observed between the 
edges in homopolar complexes and in ionic crystals. With 
anions which are not strongly electronegative in their 
effect, one observes some absorption into levels on the 
long wave-length side of the main 4p absorption. This 
absorption occurs at the same energy as the 3d levels. 


H2. Method of Measuring Ratio of Bremsstrahlung 
Cross Sections. L. H. LANzL, J. S. LAUGHLIN, AND L. S. 
Sxaccs, University of Illinois.—The ratio of cross sections 
for the production of Bremsstrahlung in elements of 
nuclear charge Z; and Z: is measured as follows: two sets 
of thin, uniform foils, one set of alternate Z; and Zz foils, 
the other set all of Z; foils, are placed perpendicular to an 
electron beam and irradiated. The activities of the odd 
position foils of both sets (Z; in both cases) are then 
measured and plots are made of initial radioactivity vs. 
foil position normalized to the first foil of one of the sets. 
Such plots are linear! if the total foil thickness is small com- 
pared to the range of the electrons. The ratio of Brems- 
strahlung cross sections for that part of the spectrum 
above the threshold of Z; is then obtained from the ratio 
of the slopes of the two curves and the number of atoms 
per unit area in each foil. Using 15.5 Mev electrons from 
the betatron, the Bremsstrahlung cross section ratio of 
Ta and Cu, measured under four different conditions, was 
6.89+.21. Elementary theory predicts that the ratio 
should vary as Z? giving for Ta— Cu 6.34. In this measure- 
ment Cu corresponded to Z; and therefore was the ele- 
ment in which the activity was measured. 


1L. S. Skaggs, J. S. Laughlin, A. O. Hanson and J. J. Oriin, Phys. 
Rev. 73, 420 (1948). 


H3. A Photoelectric Technique for Spectral Emissivity 
Determination Illustrated by Results on Tungsten.* 
W. B. NotrincHAM AND W. E. Mutter, Massachusetts 
Institute of Technology—A method of measuring spectral 
emissivity at a narrow band width over a range of wave- 
lengths from the near ultraviolet to the near infra-red has 
been developed. The intensity of various parts of the 
image of a miniature blackbody source is explored by 
means of a monochrometer and photomultiplier tube 
arrangement; the emissivity. at a given wave-length and 
temperature is determined from a measurement of the 
ratio of the intensity from the surface of the specimen to 
that from the blackbody cavity. Initial results on tungsten 
over the range 1300 to 2000°K and 380 to 800 millimicrons 
are represented by the empirical formula q7r=0.5308 
+5.24-10-*T— (9187+3.907T)10-*A The variation of the 
spectral emissivity with wave-length and temperature is 
in general agreement with results of Forsythe and Worth- 
ing.** However, the absolute values are all 1} to 2 percent 
lower. 


* This work has been supported in part by the Signal Corps, the 
Air Materiel Command and the O.N.R. 
** W, E. Forsythe and A. G. Worthing, Astrophys. J. 61. 152 (1925). 
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H4. Electromagnetic Shift of S Levels in He II.* J. E. 
Mack AND N. AUSTERN, University of Wisconsin.—Work 
on the line \4686A (n=4—-n=3) of ionized helium has 
been continued. The third most intense component 
(33—43) has been spread, presumably into 3sy—4p; and 
3p;—4d;. A Fabry-Perot etalon with a 15 mm-spacer was 
crossed with the previously used diffraction grating in 
order to obtain this result. 

* The work is supported by the Office of Naval Research. 


H5. The Continuous Absorption Coefficient of the 
Helium Atom. Su-SHu HuaneG, Yerkes Observatory. (Intro- 
duced by S. Chandrasekhar.)—The continuous absorption 
coefficient of Hel from its ground state as well as its two 
metastable states has been carried out. The wave functions 
used for these three states are those of the Hylleraas type 
derived from the Ritz principle. The constants of these 
wave functions were determined, as Hylleraas apparently 
did not solve for them. For the wave functions of the 
continuous states, the hydrogenic approximation was used. 
The cross sections for each of the three states have been 
determined in terms of the matrix elements of the dipole 
moment, momentum and acceleration and compared in 
the manner of Chandrasekhar’s discussion of the negative 
hydrogen ion.* 

* Astrophys. J. 102, 223, 395, (1945). 


H6. Rydberg Denominators in the Principal Series of 
the Alkali Metal Atoms. J. G. HIRSCHBERG, JR., Uni- 


versity of Wisconsin.—The Ritz series fit is discussed for 
the Rydberg denominators calculated from the accurate 
term values of Kratz.! 

1H. R. Kratz, Ph.D. Thesis University of Wisconsin, 1942; Phys. 


Rev. (to be published). 


H7. Structure of the ?D-Terms of Li’. K. W. MEISSNER, 
L. G. Munpig,! AND P. STELSON,. Purdue University.— 
Interferometric wave-length measurements of the lithium 
arc spectrum were carried out by employing an atomic 
beam light source. The great sharpness of the spectral 
lines permitted determination of the splitting of several 
*D-terms. The values for the first four members of the 
diffuse series are: Av =0.0372, 0.015, 0.010, and 0.005 cm. 
All investigated D-terms exhibit regular term order. 

1 Now at Naval Research Laboratory, Washington, D. C. 


H8. Infra-Red Dispersion of N2O and C.H,. C. F. 
HAMMER, A. G. PIEPER, AND R. ROLLEFSON. University 
of Wisconsin.—The indices of refraction of N2O and C2H, 
have been measured for wave-lengths between 1 micron 
and 16 microns. The method has been described previ- 
ously.1 The index of refraction is the sum of a series of 
terms, each term being a function of the characteristics of a 
particular absorption band. In the infra-red region the 
terms due to ultraviolet absorption can be lumped into a 
single term which is almost constant. Each of the remain- 
ing terms is of the form A;/[2*C(»;2?—»*)]; where A; is 
the integrated absorption coefficient,? and »; is the wave 
number corresponding to the 7th band. These measure- 
ments, then, make the determination of A; possible without 
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actually taking measurements in the band. The accuracy 
of the A;’s is dependent on the magnitude of the absorption 
intensity and the wave-length region of the particular 
band. We believe the accuracy to be better than 4 percent 
for the strongest bands. 


1R. Rollefson and R. Havens, Phys. Rev. 57, 710 (1940). 
2M. Thorndike, A. J. Wells and E. Bright Wilson, Jr., J. Chem. 
Phys. 15, 157 (1947). 


H9. Band Spectrum of HgTl. J. Grsson WINANS AND 
WILLARD J. PEARCE,* University of Wisconsin.—Vibra- 
tional analyses have been made for the HgT1 band systems 
with maxima of intensity at 6550, 5200, 4580, and 3810A. 
The light source was a Tesla discharge with external elec- 
trodes through a quartz tube containing Hg and TI. The 
3810 system was obtained also in absorption. The following 
constants were obtained: 








Do” 


1132 cm-! 
1081 cm=! 
2015 cm=! 

250 cm7! 


"yoo wo'xo’ wo” wo’ xo’” Dy’ 


102.08 2.08 4100 cm~! 
100.8 2.29 4100 cm-! 
105.97 0.268 4100 cm! 

26.2 0.69 474 cm=1 





0.157 
0.144 
0.077 
0.060 


15339.9 
15289.4 
22621.5 
26253.2 








* Now at University of Texas, El Paso. 


H10. Spin-Orbit Effect in the Hyperfine Structure of 
the Ammonia Inversion Spectrum. J. M. JAucH, State 
University of Iowa.—The recent measurement of the 
hyperfine structure in the ammonia inversion spectrum by 
Simmons and Gordy! indicated a significant discrepancy 
with the theoretical formula for the satellite separation. 
It is pointed out that this effect can be interpreted as due 
to the interaction of the magnetic dipole moment of the 
nitrogen nucleus with the rotation of the molecule. The 
interaction term in the Hamiltonian is of the form 
—yH’'(J, I), where u is the magnetic moment of the N¥ 
nucleus, H’ the effective magnetic field at the position of 
the nucleus, J the angular momentum vector of the mole- 
cule, and J the spin vector of the nucleus. Theoretically, 
the constant H’ (J, K) is expected to depend explicitly on 
the rotational quantum numbers, J, K. However, a rough 
estimate indicates that the variation of H’ is less than the 
uncertainty resulting from the measurements. Best agree- 
ment with the experimental values is obtained by assuming 
H’=15+5 gauss. This explanation permits also a redeter- 
mination of the quadrupole interaction parameter which 
in frequency units is found to be (eqgQ)=4.107+0.015 
mc/sec. 

1 J. W. Simmons and W. Gordy, Phys. Rev. 73, 713 (1948). 


H11. Phenomenological Quantum-Electrodynamics. K. 
WATSON AND J. M. Jaucn, State University of Iowa.— 
The relativistic quantum formalism of the electromagnetic 
field in a medium characterized by a dielectric constant ¢ 
and a magnetic permeability 4 has been developed. The 
total energy and momentum of the field do not form a 
nulvector in this theory. The quantization is given both 
in the Hamiltonian form as well as in the symmetrical 
four-dimensional formalism. When the interaction with 
charges is introduced the longitudinal components can be 
eliminated with the help of the subsidiary condition. The 
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resulting Coulomb energy in the Hamiltonian depends. 


explicitly on the velocity of the medium. If the velocity 
of the medium with respect to the particle exceeds that 
of v=C/n, a particle at rest can radiate spontaneously. 
This is traced to the fact that in this case light quantas 
may occur with negative energy. The total emission prob- 
ability for such radiation is infinite if m is independent of 
the frequency. Only if dispersion is introduced does the 
expression become finite. In the latter case it agrees exactly 
with the classical expression for Cerenkov radiation given 
by Tamm and Frank.! 
1 Comptes Rendus 14, 109 (1937). 


Nuclear Spins and Moments; Artificial 
Radioactive Substances 


Jl. Hyperfine Structure of 30 Zn*’.* O. H. ARROE, 
University of Wisconsin.—A study of the hyperfine struc- 
ture of the ZnI lines 4,4, *Poi2—4,5, *Si, from a sample en- 
riched in Zn*? (borrowed from the United States Atomic 
Energy Commission) shows hyperfine structure intervals 
verifying the value 5/2 for the nuclear spin of Zn®’, tenta- 
tively assigned by Rasmussen. 


* The work is supported by the Office of Naval Research. 
1 Rasmussen, Zeits. f. Physik 104, 434 (1937). 


J2. A Variation of the Nuclear Resonance Experiment. 
EDWARD R. MANRING, JOHN R. ZIMMERMAN, AND DUDLEY 
Wituiams, The Ohio State University—Roberts has de- 
scribed a method for measuring nuclear gyromagnetic 
ratios by means of a super-regenerative oscillator circuit 
and a communications receiver. We have made extensive 
experiments using a similar arrangement with a specially 
designed audio amplifier as a detector. With the usual 
arrangement in which a solid or liquid sample is mounted 
inside the oscillator coil, saturation effects introduced 
considerable difficulty, since the r.f. magnetic fields were 
larger than necessary for the experiment but, owing to 
inherent characteristics of super-regenerative circuits, 
could not be satisfactorily reduced. We have attained 
satisfactorily low values for the r.f. magnetic field by 
placing the sample between the plates of a condenser and 
using the r.f. magnetic field associated with the displace- 
ment currents. The parallel plate condenser containing the 
sample is mounted with the plates parallel to the pole faces 
of a large electromagnet. As the air gap in the magnetic 
circuit can be made smaller than when the coil is mounted 
in the magnetic field, more effective use is made of iron in 
the magnet circuit and, for a given field current, a more 
favorable Boltzmann factor can be attained. Although the 
arrangement we have used has been found to be convenient 
in special cases, its ultimate limitations are essentially the 
same as those indicated by Bloch and Purcell. 


J3. The Beta-Spectrum of C“.* LawrENcE M. LANGER, 
C. SHarp Cook, AND H. Cray Price, Jr., Indiana Uni- 
versity—The momentum distribution of the negatrons 
emitted by C™ has been investigated in the high resolution, 
40 cm radius of curvature, shaped field magnetic spec- 
trometer. The sources were prepared from high specific 
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activity material made available at Oak Ridge through 
the efforts of Norris and Snell. Spectra were obtained using 
sources of average thickness 0.13 mg/cm?, 0.29 mg/cm?, 
and 0.97 mg/cm*. The backing in all cases was 0.02 
mg/cm? Zapon. The Zapon counter window transmits 
electrons down to 2.0 kev. Under these conditions, all 
three sources yield spectra which are the same for all 
energies from W=1.12 mc? to the end point. Over this 
region, the Fermi plot is not a straight line, but has, rather, 
a very slight curvature away from the energy axis. This 
curvature is not explained by the use of Fermi selection 
rules for a second forbidden transition of the type J=1 
with no parity change. S**, measured under essentially 
identical conditions does yield a straight line Fermi plot 
over the same region which is curved for C. The ex- 
trapolated Fermi end point for C“ is at Wo=1.306 mc? 
corresponding to 156.3+1.0 kev. The end point for S* is 
found to be 169.1+0.5 kev. 


* This work is supported by a grant from the Frederick Gardner 
eee ‘eta of the Research Corporation and by the Office of Naval 
esearch. 


J4. Radioactive Isotopes of Germanium and Arsenic. 
D. A. McCown, L. L. Woopwarp, M. L. Poot, AND 
H. L. Finston, The Ohio State University.—The germanium 
fraction from zinc bombarded with alpha-particles showed 
long half-life of positron activity, presumed to be the 195- 
day germanium period. Gallium bombarded with deu- 
terons gave evidence of no period longer than 11 days in 
the germanium fraction. From intensity considerations, 
the 195-day period should have occurred if it were Ge®. 
Hence this long period has been assigned to Ge*’. Gallium 
bombarded with deuterons showed in the germanium 
fraction a strong positron activity of 1.66-day half-life. 
Deuteron bombardment of germanium showed a similar 
period in the germanium fraction, but this period was an 
electron emitter, being produced by decay of 12-hour 
Ge”’ into As??, Hence the positron emitting period of 1.66 
days in germanium is assigned to Ge®’, A strong sample of 
radioactive Ge", decaying with the 11-day half-life, has 
produced on a curved crystal camera the characteristic 
x-ray lines of gallium. Simultaneous deuteron bombard- 
ment of two samples of selenium, enriched respectively in 
isotopes 74 and 76,* confirms in the arsenic fraction the 
location of the positron emitting period of 1.08 days half- 
life as that due to As”. 


* Supplied by the Y-12 plant, Carbide and Carbon Chemicals Cor- 
poration, through the Isotopes Division, U. S. Atomic Energy Com- 
mission, Oak Ridge, Tennessee. 


J5. Artificial Radioactivity from Enriched Se” and Se”. 
L. L. Woopwarp, D. A. McCown, M. L. PooL, AND 
H. L. Finston, The Ohio State University.—A radioactive 
Br®™ isotope of 106-minute half-life has been produced by 
Se™(d,n) and Se™(p,7) reactions. The Se™ used was en- 
riched electromagnetically from 0.9 percent to 14.1 per- 
cent.* The period was not observed by similar reactions 
on Se’, enriched from 9.5 percent to 41.5 percent.* A 
positron end-point energy of about 1.5 Mev was observed. 
No evidence of gamma-radiation has been found in the 
activity. A radioactive Br’? isotope of about 58-hour half- 
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life has been produced by a (d,m) reaction on enriched Se”® 
and by an (a,p) reaction on enriched Se”. A radioactive 
Kr" isotope of 65-minute half-life has been produced by 
a Se+ea reaction, and located by an a-particle bombard- 
ment of enriched Se”. A positron end-point energy of 1.7 
Mev has been observed by aluminum absorptions. Gamma- 
radiation and K-capture have also been observed. The 
Kr?® isotope has been produced by an (a,m) reaction on 
enriched Se’*. The half-life of this isotope is computed as 
1.40-days with gamma-radiation present. The 4.4-hour 
Br®® isotope has been produced by a Se(a,p) reaction. 
Positron emission has been observed with an end-point 
energy of about 0.8 Mev. 


* Supplied by the Y-12 plant, Carbide and Carbon Chemicals Cor- 
poration, through the Isotopes Division, U. S. Atomic Energy Com- 
mission, Oak Ridge, Tennessee. 


J6. Evidence for a Double Isomer in Rh’™, H. F. 
GUNLOCK AND M. L. Poot, The Ohio State University.— 
The x-ray activities in the previously reported 17-day 
Pd! and 56-minute Rh'!* have been photographed and 
found to be the K-series of rhodium. No shift or doubling, 
due to a possible double electron jump, appears when 
comparison is made with the spectrum of fluorescent 
rhodium. Spectrograms of 39.9 and 42.7 Kev electron 
groups have been obtained from samples of Rh+d and 
Ru+d. These cannot be interpreted as L- and M-conver- 
sion electrons, since no group is found where the K-con- 
version electrons, required by the K-series x-rays, would 
appear. Considering the two groups as K-electrons, no 
L- or M-electrons are found near 60 Kev. The gamma-rays 
responsible for the K-conversion would have energies 
near 63.1 and 65.9 Kev. These, if present, are of very low 
intensity. The data appear to indicate two isomers of 
stable Rh'*, The metastable states would have energies 
of 63.1 and 65.9 Kev and decay to the ground state by 
emission of gamma-rays which appear to be entirely con- 
verted in the K-shell alone. 


J7. “Cross-Over” Transitions in Gamma-Ray Spectra. 
V. Myers AND A. WATTENBERG, Argonne National 
Laboratory.—The possibility was investigated of there 
being very weak high energy gamma-rays in certain iso- 
topes than are known at present. In some instances, these 
gamma-rays may be “cross-over” transitions, i.e., transi- 
tions directly from the higher levels to the ground state 
rather than a cascade process. The technique consisted of 
placing the radio-isotope inside a beryllium or heavy water 
target, and a BF; pulse ion chamber was used to detect 
any photoneutrons emitted. 37-minute Cl®* and 60-day 
Sb™ produced photoneutrons in D,O (2.18 Mev threshold) 
while 34-hour Br® produced photoneutrons in Be (1.63 
Mev threshold). It is not known whether ‘the Cl?* gamma- 
ray is a “cross-over” transition, or whether it is the 
“2.15""-Mev gamma reported by Siegbahn! and lying just 
at the limit for photo-disintegration in heavy water. 

1K. Siegbahn, Arkiv. F. Math. Astr. och Fys. 32A, 9 (1945). 


J8. The Decay Scheme of 47-hr Sm’. S. B. Burson 
AND C. O. MUEHLHAUSE, Argonne National Laboratory.— 
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As seen by an ordinary argon filled mica end window 
counter the 47-hr period in Sm!* has been shown to have 
the following radiations: 


-78 Mev B-~100 

EuL x-rays~ .25 

EuK x-rays~  .12 percent, 
110 Kev y-rays~ .03 percent, 
610 Kev y-rays~  .003 percent. 


percent, 
percent, 


By coincidence measurements using two’ mica end 
window counters we have also shown the existence of 
direct coincidences of these radiations as follows: 


B-, e~(e~~L conversion of yu0)~90 _ percent, 
8-,x (K and L-rays)~ 7 percent, 

B-, yuo~ 2 __ percent, 

x, x (K x-rays)~ .85 percent, 

x, yuo (K x-rays)~ .15 percent. 

No delayed coincidences >1.5us were found. We there- 
fore conclude (1) the existence of an almost totally con- 
verted level in Eu! of energy <100 kev which is in cas- 
cade with yi10, and (2) that the weak e109 must follow a 
weak 6~ branch of ~200 kev from the 47-hr state in Sm. 


J9. The Beta-Spectra of W'* and Os!%, D. Saxon, 
Argonne National Laboratory.—The survey of the heavy 
elements begun with Au! has been continued in the 
neighboring region.! For W!*5, the half-life has been de- 
termined as 73.2+0.5d, checking the older measurements. 
The end point from the Kurie extrapolation is 0.430+0.010 
Mev. The recent measurement of S. Jnanananda? gives 
0.675 Mev, a value much outside the experimental errors. 
Since the end point of Ir! is essentially this value, and in 
view of the large neutron cross section of Ir!®' as compared 
to W!*, it is suggested that Jnanananda’s sample had 
>0.1 percent impurity of Ir, The half-life of Os'** found 
was 16.1+0.2 days. However the effect of the 100-day 
Os'85 K-capture correction could bring this down to the 
15-day value found by L. Katzin and M. Pobereskin. The 
end point found was 142+:3 kev. By coincidence methods, 
Wiedenbeck and Chu obtained 0.64 Mev, a value very 
close to that for Ir!%, From the K, L, and M conversion 
line the energy of one vy is 127+2 kev, checking that of 
Cork e# al. Similarly, the L and M lines of a new low energy 
y give 39+1 kev. The above conversion lines all decay 
with the 16-day period. 


1D. Saxon, Phys. Rev. 73, 811 (1948). 
2S, Jnanananda, Phys. Rev. 72, 1124 (1947). 


J10. Studies on the Radiation of Hf'*!.* A. F. Voict 
AND B. J. THAMER, Iowa State College-—Absorption and 
coincidence absorption measurements have been made on 
the radiation from 46-day Hf!*!, obtained by pile thermal 
neutron bombardment. The energy of the principal 
gamma-radiation was found to be 0.52+0.05 Mev while 
that of the beta-radiation was 0.63.03 Mev by Feather 
analysis. Measurement with a magnetic field showed only 
negative electrons. The coincidence study showed a con- 
version electron of 0.12 Mev energy in coincidence with 
the beta-ray. Beta-spectrometer studies have shown a 
0.12 Mev electron to be an L conversion electron of a 
0.132 Mev gammia-ray which electron is probably the 
one observed here, the K electron being too soft (0.065 
Mev) to be detected. However, DeBenedetti! has reported 














a 0.11 Mev electron to be emitted in a 22ysec. delayed 
transition. Since the resolving time of the present circuit* 
is 0.67 usec. it is impossible that the delayed electron would 
give the observed coincidence rate. Without knowing 
whether both of these are L electrons the energies of the 
coincident and delayed transitions cannot be stated with 
certainty. 


*This work was done under contract with the Atomic Energy 
Commission. 


1S, DeBenedetti and F. K. McGowan, Phys. Rev. 70, 569 (1946). 

2 The coincidence circuit and counter tubes used with it were built 
by and under the supervision of D. S. Martin. 

Jil. Activities Produced by Bombardment of TiO: with 
Pile Neutrons.' R. E. HEIN Anp A. F. Voict, Jowa State 
College.—The radioactive isotopes produced by epi-Cd 
neutron bombardment of titanium dioxide have been 
investigated using the Argonne heavy water pile. A chemi- 
cal separation on the irradiated TiO2 was effected for the 
purpose of identifying radioactive products from (n,7), 
(n,2n), (n,p) and (n,a) processes. The following activities 
were identified: Ti®!, Sc**, Sc*7, and Ca‘*®, These identifica- 
tions were based on observed beta-ray energies and half- 
life measurements as well as chemical evidence. The cross 
sections for the formation of these activities from their 
appropriate titanium isotopes and an upper limit for Sc** 
were estimated. Since no monitoring sample was present, 
the estimate for the cross sections was based on measured 
activities, radiation log and neutron flux. The cross sec- 
tions for the formation of the listed isotope from the 
appropriate Ti isotope and based on the total flux of neu- 
trons of all energies are: Ti*¢=8 X10-*8 cm?, Sc**e¢=2.5 
X10-# cm?*, Sct7¢=6.9X 10-8 cm?, Sc#8’¢ =1.310-! cm? 
and Ca‘**s =3 X10-* cm?. The presence of a contaminant, 
Sb!3, with an estimated gact. =8X10-* cm?, hindered the 
investigation. It is of interest that the 83-hour Sc‘? was 
produced by an ,p reaction, while the 44-hour Sc**, which 
is reported as a product of such a bombardment, was not 
observed. . 


1This work was done under contract with the Atomic Energy 
Commission. 


Diverse Topics 


K1. Secondary Emission from Thoria on Platinum and 
Tantalum. H. E. MENDENHALL, Bell Telephone Labora- 
tories.—Thorium dioxide has been used as a cathode coat- 
ing material for some magnetrons and power tubes. The 
secondary emission properties or a film of thoria about 
5X10-* cm thick has been studied on platinum and tan- 
talum ribbons. At temperatures up to 400 or 500°C there 
is evidence from the shape of the 6 vs. bombarding energy 
curves of a charging of these surfaces when measurements 
are made on D.C. At higher temperatures below which 
primary emission becomes appreciable, the resistance of 
the coating becomes low enough so that é’s up to 3.4 have 
been measured without evidence of charging. The thoria 
coating on tantalum appears to activate when heated to 
2000°K probably due to reduction of some thoria to 
thorium in the coating film. 


K2. The Transport Properties of Non-Polar Gases.* 
JosepH O. HiRSCHFELDER, R. ByRON BIRD, AND ELLEN L. 
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Spotz, The University of Wisconsin.—In the kinetic theory 
of gases, all of the transport properties are expressed in 
terms of a set of collision integrals. We have evaluated 
these on the assumption that the energy of repulsion is 
inversely proportional to the twelfth power and the energy 
of attraction to the sixth power of the separation. The 
transport properties are then reduced to known functions 
of the reduced mass; the minimum energy of interaction, 
e; and the collision diameter for low velocity collisions, ro 
The values of ¢ and ro for a large number of common gases 
are determined from recent measurements of viscosity and 
compared with values previously determined from second 
virial coefficients. These constants and the tabulated in- 
tegrals at 84 different temperatures are used to predict 
the coefficient for thermal diffusion as a function of tem- 
perature and the results are very interesting. Our calcula- 
tions should have a mechanical error of the order of one 
part in 300, and at the lowest temperatures they must be 
corrected for quantum effects. 


* This work was carried out under contract with the Navy Bureau 
of Ordnance. 


K3. The Equilibrium Assumption in the Theory of 
Absolute Reaction Rates.* C. F. Curtiss anp J. O. 
HIRSCHFELDER, University of Wisconsin.—The usual theory 
of absolute reaction rates involves the approximation that 
the molecules in the transition stage are in statistical 
equilibrium with the reacting molecules—an approxima- 
tion difficult to justify. It is shown that this approximation 
is equivalent to taking the distribution in velocities of the 
reacting molecules to be Maxwellian. The chemical re- 
action itself causes the distribution function to deviate 
somewhat from the equilibrium Maxwellian distribution, 
since in general only fast molecules react. The perturbed 
distribution function has been obtained, using a generaliza- 
tion of the Chapman-Enskof methods of kinetic theory. 
The effect of the perturbation on the rate of a bimolecular 
reaction has been considered. The influence of the rate of 
transfer of energy among the various internal degrees of 
freedom has been obtained by considering two extreme 
cases. In one case we assumed that the transfer of energy 
takes place extremely slowly; in the other case that it 
takes place extremely rapidly. In both cases the rate of 
reaction obtained differs by less than 8 percent from the 
value obtained on the basis of the usual approximation. 


* This work was carried out under contract with the Navy Bureau 
of Ordnance. 


K4. Unitary Field Theory and Cosmic Magnetism. 
Jean Mariani, Institute for Advanced Study (Introduced 
by L. Brillouin).—We adopt the view that the difficulties 
in the way of constructing a unified field theory stem from 
the use of unoperational notions, i.e., notions lacking ex- 
perimental significance according to L. W. Bridgman. In 
the present work we consider the notion of an unobservable 
(an isolated system, a unique electromagnetic field in 
vacuum, etc.) to be inadmissible. We generalize the law of 
inertia in a way suggested by Elie Cartan, H. Mandel, 
and L. P. Eisenhart, using like E. Schrédinger a non- 
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symmetrical affine connection in Riemannian space-time. 
We emphasize the fact that the antisymmetrical part of 
our connection, like Eisenhart’s, is a function of the 
velocity of the test particles in the field, so that the 
geometry defined by our connection cannot be described 
independently of the test particles. We base our explana- 
tion of electromagnetism upon this fact. Our point of view 
leads us to a geometry of paths similar to those of 
O. Veblen, Eisenhart and others. Bodies regarded as elec- 
trically neutral in the usual theory are here considered as 
charged. It follows that a rotating celestial body possesses 
a magnetic field and it is shown that this leads in the case 
of static equilibrium to Blackett’s formula. 


KS. Theory and Applications of the Parallel T Re- 
sistance-Capacitance Network. C. E. BERGMAN AND 


G. H. Fett, University of Illinois ——This paper is a general 
study of the theory and applications of the parallel T 
resistance-capacitance network, using matrix algebra. The 
basic theory is presented, and equations are developed for 
the conditions of null, for the transfer characteristic, and 
for input (or output) impedance. The effect of loading is 
considered; simplified equations, resulting from certain 
special component relationships, are presented. Practical 
design factors are given. Applications given include re- 
views and analyses of the uses of the circuit as a compact 
low-frequency filter to suppress a single frequency, as a 
filter for a power supply, as a frequency or impedance 
bridge, and as the feedback loop for a frequency-selective 
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amplifier or frequency-stabilized oscillator. An analysis is 
given of the problem of imparting band-pass characteristics 
to the frequency-selective amplifier by means of two paral- 
lel T networks. 


TO BE READ BY TITLE 


Tl. Radiations from Columbium (95).* C. E. MANpDE- 
VILLE AND M. V. ScHERB, Bartol Research Foundation of 
the Franklin Institute—The 35-day columbium activity 
was produced by the fission process in the pile at Oak 
Ridge. Chemical purification was carried out for the re- 
moval of phosphorous, zirconium, copper, and iron as 
possible impurities. Aluminum absorption indicated the 
presence of the characteristic soft beta-rays having an 
energy of about 0.13 Mev. Coincidence absorption of 
secondary electrons gave a maximum gamma-ray energy 
of 0.92 Mev. The beta-gamma coincidence rate indicated 
that the beta-rays are followed by 0.94 Mev of gamma-ray 
energy. A gamma-gamma coincidence rate of 0.28107? 
coincidence per gamma-ray was also observed. The writers 
had previously assigned the 0.92 Mev gamma-ray to the 
zirconium parent element.! This apparently resulted from 
an incomplete chemical separation and from the fact that 
the 0.92 Mev gamma-ray is very intense. The previously 
reported! coincidence rates of zirconium (95) suggest that 
only gamma-rays of energy 0.3 or 0.4 Mev follow the 
zirconium beta-rays. , 

* Assisted by the Office of Naval Research. 


1M. V. Scherb and C. E. Mandeville, Bull. Am. Phys. Soc. 23, No. 3, 
56 (1948). ’ 
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